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1.  INTRODUCTION 


Cordon  practice  to  reduce  cold  cracking  in  high  strength  steel  welding  is  the  pre-  or  post¬ 
weld  heat  treatment.  Heat  treatment  is  performed  to  control  the  cooling  rate  and  to  ensure 
sufl^ent  remove  of  hydrogen  from  the  weld  metal.  Recent  scientific  approaches  supported 
by  FEM  calculation  have  made  it  possible  to  determine  the  heat  treatment  that  provides  an 
appropriate  combination  of  microstructure  (hardness),  stress  intensity  factor  and  diffusible 
hydrogen  content  that  does  not  allow  susceptibility  to  hydrogen  cracking  (1).  More  often  an 
acceptable  selection  of  welding  parameters  to  avoid  hydrogen  cracking  is  achieved  by  a  costly 
testing  program.  However,  such  methodologies  that  require  tight  monitoring  and  control  of 
the  temperature  as  well  as  welding  parameters  are  frequently  found  to  be  impractical  and 
complicated.  Therefore,  new  approaches  to  hydrogen  management  in  steel  welding,  based  on 
more  fundamental  metallurgical  understanding  and  predictions,  are  being  investigated.  The 
CSM  approach  is  to  develop  consumables  based  on  three  independent  proposed  practices  to 
hydrogen  management.  They  are  described  here  as  three  steps. 

2.  STEP  1:  PROPER  SELECTION  OF  WELD  METAL  MARTENSITE  START 
TEMPERATURE. 

The  hydrogen  content  in  a  weldment  is  dependent  on  both  the  hydrogen  source  and  the  ability 
of  the  weldment  to  transport  hydrogen  from  the  weld  metal  to  the  heat  affected  zone  The 
transport  aspect  becomes  important  because  of  the  higher  hydrogen  solubility  but  lower 
y  rogen  diffusion  rate  in  austenite  (FCC  crystal  structure),  in  contrast  to  ferrite  and 
martensite  that  have  orders  of  magnitude  higher  hydrogen  diffusion  coefficients  than 
austenite  (2).  As  a  result  of  the  different  hydrogen  diffiisivitiy  in  austenite  compared  to 
martensite/ferrite  and  the  different  thermal  experience,  a  non-uniform  distribution  of  hydrogen 
may  result  across  the  weldment  according  to  the  austenite  decomposition  behavior  of  the 
^loys  (3,4).  Evidence  of  this  resulting  localized  hydrogen  distribution  can  be  seen  in  the  laser 
induced  breakdown  spectroscopy  data  (5)  for  hydrogen  spectral  emission  scans  across  a 
weldment  as  shown  in  Figure  1.  The  effect  of  hydrogen  damage  is  magnified  when  the 

location  of  the  susceptible  microstructures  (martensite)  overlaps  the  localized  high  hvdrogen 
content.  o  j  b 

Proper  alloying  elements  and  their  contents  in  the  consumable  are  being  determined  to  insure 
maximum  hydrogen  transport  away  from  the  weldment  (weld  metal  and  HAZ)  during  the 
welding  thermal  cycle.  The  martensite  start  temperature  is  used  as  an  indicator  for  effective 
trmsport  of  hydrogen.  A  large  difference  between  the  H  (weld  metal)  and  M,  (base  metal) 
will  indicate  difficulties  in  hydrogen  transport  in  the  weldment  and  the  tendency  for  high 
localization  in  hydrogen  contents.  Thus  the  martensite  start  temperature  is  a  measure  of  the 
microstructure  evolution  and  the  ability  to  have  a  phase  (ferrite/martensite)  available  for  rapid 
hydrogen  transport  (3,4). 

Granjon  (3)  introduced  a  conceptual  model  that  describes  how  the  austenite-ferrite  (or 
austenite-martensite)  phase  transformation  in  steel  weldments  affects  the  resulting  hydrogen 
distribution.  Two  cases  are  illustrated  in  Figure  2.  When  the  austenite-martensite 
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transformation  in  the  fusion  zone  (weld  metal)  occurs  at  a  higher  temperature  than  the  heat 
affected  zone  diffiisible  hydrogen  will  segregate  in  the  heat  affected  zone  just  under  the  fusion 
line.  This  HAZ  region  is  often  the  location  of  underbead  cracking  in  high  strength  steel 
weldments.  On  the  other  hand,  when  the  martensite  transformation  in  the  heat  affected  zone 
occurs  at  a  higher  temperature  than  in  the  fusion  zone,  it  is  possible  that  excess  hydrogen  may 
accumulate  in  the  weld  metal.  This  situation  could  promote  weld  metal  hydrogen  cracking  or 
micro-fissuring. 

CASE  1:  WELD  METAL  WITH  LOWER  Ms  TEMPERATURE  THAN  THE  HAZ. 

This  case  can  be  described  as  a  situation  where  the  weld  metal  is  overmatched  with 
respect  to  the  base  metal  with  higher  alloying  content.  The  weld  metal  exhibits  a  higher 
strength  than  the  base  metal  and  its  martensite  start  temperature  is  depressed  to  below  that 
of  the  base  metal.  While  the  austenite  in  the  HAZ  has  begun  transforming,  the  austenite  in 
the  weld  metal  remains  unchanged.  After  a  period  of  time,  the  HAZ  immediately  adjacent 
to  the  fusion  zone  will  transport  hydrogen  at  a  higher  rate  than  that  in  the  weld  metal.  If 
the  HAZ  martensite  start  temperature  (M.)  is  sufficiently  high,  the  hydrogen  will  be  able  to 
transport  a  significant  distance  into  the  parent  metal.  Especially  if  the  transformation 
occurs  at  a  moderately  elevated  temperature,  the  situation  described  can  potentially  reduce 
the  localized  hydrogen  content  in  the  hard  microstructure  adjacent  to  the  fusion  line,  thus 
reducing  the  hydrogen  cracking  susceptibility.  However,  the  hydrogen  transport  cannot 
proceed  extensively  until  the  weld  metal  transforms  because  austenite  has  the  ability  of 
storing  high  hydrogen  contents  but  can  not  move  it  fast  enough  to  the  fusion  line.  If  the 
weld  metal  M,  temperature  is  too  low,  then  the  hydrogen  transport  from  the  weld  metal  is 
limited.  Very  little  hydrogen  can  reach  the  heat  affected  zone  adjacent  to  the  fusion  line 
that  may  eventually  lead  to  weld  metal  cracking. 

To  demonstrate  the  effect  of  martensite  start  temperature  on  hydrogen  transport,  the 
diffiision  process  was  modeled  considering  incremental  time  periods  and  temperature 
which  decreases  according  to  the  welding  heat  input  and  cooling  rate.  The  martensite 
start  was  allowed  to  occur  in  the  HAZ  and  weld  metal,  but  at  different  times.  Simple  but 
reasonable  boundary  conditions  were  established  for  the  solution  of  Pick’s  2nd  law. 
Several  hydrogen  profiles  were  determined  (6)  and  the  dotted  traced  line  in  Figure  3 
illustrates  the  diffusible  hydrogen  distribution.  This  profile  is  the  case  where  the  HAZ  M, 
temperature  is  greater  than  the  weld  metal  NL  temperature,  and  for  a  location  indicated  in 
Figure  3.  This  situation  is  prone  to  hydrogen  cracking  in  the  weld  deposit  which  also  has 
been  observed  for  some  high  strength  weldments. 

CASE  2:  HAZ  WITH  LOWER  Ms  TEMPERATURE  THAN  THE  WELD  METAL. 

This  case  can  be  described  as  a  situation  where  the  weld  metal  is  undermatched  with 
respect  to  the  base  metal.  Since  the  heat  affected  zone  transforms  from  austenite  to  ferrite 
at  lower  temperatures  and  at  a  later  time  than  the  weld  metal,  the  HAZ  becomes  an 
austenite  diffusion  barrier  for  hydrogen  transport.  A  high  hydrogen  accumulation  in  the 
heat  affected  zone  adjacent  to  the  fusion  line  results.  This  situation  promotes  underbead 


hydrogen  cracking.  Figure  3  also  plots  the  hydrogen  profile  (solid  line)  obtained  in 
calculations  following  the  procedure  outlined  in  Case  1.  Instead  of  having  a  high 
hydrogen  concentration  in  the  weld  metal,  hydrogen  peaks  are  observed  in  the  heat 
affected  zone  as  shown  in  Figure  1.  This  profile  supports  the  hydrogen  distribution  model 
as  proposed  and  suggest  that  the  hydrogen  cracking  being  limited  to  a  few  grains 
(austenite)  adjacent  to  the  fusion  fine.  Thus,  a  HAZ  with  lower  M,  temperature  may  result 
in  underbead  hydrogen  cracking  and  localized  weld  metal  cracking  along  the  fusion  line. 

To  ev^uate  the  ability  of  using  the  martensite  start  temperature  as  a  hydrogen  cracking  index, 
the  diffusible  hydrogen  content  was  plotted  as  a  function  of  the  calculated  weld  metal 
martensite  start  temperature  for  welds  made  on  the  same  base  metal  (7).  Figure  4  illustrates  a 
demarcation  line  between  the  cracked  and  the  uncracked  weldments. 


From  the  application  of  the  M,  temperature,  it  is  possible  to  obtain  a  ANi,  expression,  and  the 

sign  and  magnitude  of  this  AM,  expression  will  better  describe  the  hydrogen  difiusion 
behavior: 


—  M,(wm)  -  M,(bm) 

If  AM.  <  0,  hydrogen  accumulation  will  be  in  the  weld  metal.  If  AM,>0,  hydrogen 
accumulation  in  the  HAZ  is  possible  and  underbead  cracking  may  occur. 

Some  preliininary  hydrogen  cracking  data  is  plotted  with  AM.  as  a  function  of  H  HAZ  in 
.  Figure  5.  This  data  indicates  some  ability  to  establish  a  demarcation  line  between  cracking  and 
non-cracking.  Further  work  is  necessary  to  evaluate  the  correlation  between  cracking  and 

am,. 

Selection  of  the  alloy  additions  has  to  be  determined  to  achieve  only  a  slightly  higher 
martensite  start  temperature  of  the  weld  metal  than  that  of  the  HAZ,  for  maximum  hydrogen 
transport  to  the  base  metal.  In  addition,  the  absolute  martensite  start  temperatures  of  the  weld 
metal  and  the  HAZ  should  be  high  enough  to  facilitate  rapid  hydrogen  transport  in  the 
martensite  phase. 

3.  STEP  2:  HYDROGEN  ABSORPTION  CONTROL  BY  THERMO-CHEMICAL 
REACTIONS  IN  ARC  PLASMA 

Selected  oxides  or  fluorides  are  being  used  as  the  consumable  flux  ingredient  to  minimize 
hydrogen  absorption  to  the  weld  pool  during  arc  melting.  Hydrogen  absorption  can  be 
minimized  through  the  formation  of  water  vapor  or  hydrogen  fluoride  in  a  thermo-chemical 
reaction  with  oxygen  or  fluorine  gas  in  the  welding  plasma.  Please  notice  on  attached  figures 
(Fig.6  and  Fig.  7)  that  increasing  either  oxygen  or  fluorine  will  decrease  the  amount  of 
hydrogen  available  to  enter  the  weld  deposit.  These  gases  shall  be  generated  from  the 
selected  fluxes  that  easily  decompose  during  arc  heating.  The  detrimental  effects  of  excessive 
amounts  of  oxygen  to  the  weldment  toughness  and  those  effects  of  fluorine  to  the  working 


environment  will  be  considered  in  the  determination  of  the  types  and  amounts  of  the  flux 
additions. 

Increasing  the  weld  pool  oxygen  content  has  been  found  to  reduce  the  resulting  weld  metal 
hydrogen  content  by  perturbing  the  water  reaction  (8).  A  thermodynamic  analysis  that 
sequentially  follows  the  oxide  (inclusions)  formation  from  solidification  to  room  temperature 
was  performed.  This  methodology  allows  for  the  prediction  of  total  weld  metal  hydrogen 
content  and  has  been  found  to  correlate  reasonably  well  with  experimental  data.  The  major 
drawback  of  using  oxygen  to  control  weld  metal  hydrogen  is  the  resulting  oxygen  pick  up, 
primarily  as  inclusions.  In  excessive  amounts,  these  oxides  can  alter  the  mechanical  properties 
detrimentally.  This  concern  requires  new  research  into  other  weld  pool  reactions  that  can  also 
significantly  alter  the  weld  met^  hydrogen  content. 

The  use  of  fluorine  at  small  concentration  levels  to  alter  the  HF  reaction,  associated  with  the 
weld  pool  and  thus  reduced  the  weld  metal  hydrogen  content,  is  being  investigated. 
Preliminary  thermochemical  calculations  were  made  and  the  results  illustrated  that  the  use  of 
fluorine  holds  reasonable  promise.  Figure  8  illustrates  some  of  the  preliminary  results  where 
fluorides  in  the  welding  flux  are  used  to  control  hydrogen  pick-up  during  welding  of  steel  with 
a  primer  coating  (9).  It  is  also  known  that  Teflon®  additions  have  been  made  by  some  SMA 
electrode  manufacturers  to  assist  in  hydrogen  management. 

4.  STEPS:  DIFFUSIBLE  HYDROGEN  CONTROL  BY  HYDROGEN  TRAPS 

Final  suppression  of  diffusible  hydrogen  will  be  achieved  by  introduction  of  selected  rare  earth 
metal  and  transition  metal  additions  to  the  weld  metal  to  serve  as  hydrogen  traps.  These 
traps,  in  the  form  of  oxides  or  carbo-nitrides  have  high  binding  energies  with  hydrogen.  They 
are  capable  of  immobilizing  hydrogen  at  temperature  ranges  much  higher  than  100  °C,  before 
the  risk  of  cold  cracking  emerges.  With  proper  trap  morphology,  number  and  distribution,  it 
is  possible  to  have  a  large  portion  of  hydrogen  being  trapped  uniformly  throughout  the  weld 
metal  and  leave  the  remaining  diffusible  hydrogen  in  a  much  smaller  content.  In  this  way, 
transport  to  and  accumulation  of  hydrogen  at  potential  cracking  initiation  sites  will  be  kept 
below  the  critical  value  for  cold  cracking  initiation. 

In  steel,  hydrogen  is  not  homogeneously  distributed  as  it  would  be  in  a  perfect  iron  crystal. 
Hydrogen  vdll  be  found  not  only  in  the  host  lattice,  but  also  segregated  to  atomic  and 
microstructural  imperfections  such  as  vacancies,  solute  atoms,  dislocations,  grain  boundaries, 
voids,  and  second  phase  particles.  In  these  localized  regions,  the  mean  residence  time  of 
hydrogen  atoms  is  considerably  longer  than  in  normal  interstitial  lattice  sites.  In  the  extreme 
case,  these  regions  are  sinks  into  which  hydrogen  atoms  fall  and  remain  even  during  loading. 
Therefore,  the  generic  term  for  this  behavior  is  hydrogen  trapping. 

A  prominent  effect  of  trapping  is  to  decrease  the  apparent  hydrogen  diffusivity  (10).  The 
ability  of  a  trap  site  to  hold  hydrogen  atoms  is  associated  with  the  hydrogen-trap  binding 
energy.  Consequently,  a  trapped  hydrogen  atom  must  acquire  an  energy  substantially  greater 
than  the  lattice  migration  energy  to  escape  the  trap  and  contribute  to  the  measured  diffusivity. 
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Numerous  studies  on  different  traps  have  been  reviewed  by  several  authors  (11-14).  From 
various  reported  data,  values  of  hydrogen-trap  binding  energies  in  iron  were  identified  and 
are  listed  in  Table  1.  In  addition,  an  electronic  structure  calculation  was  also  applied  in 
searching  for  other  forms  of  potential  traps  that  can  be  introduced  in  steel  welding  (15). 
Several  inclusions  in  steel  were  investigated  and,  among  them,  Ce203  oxide  was  found  to  have 
the  highest  binding  energy  followed  by  TiC,  Y2O3.  VC,  NbC  and  finally  M02C,  in  the  order  of 
decreasing  energy.  The  binding  energy  of  60  kJ/mol  H  for  a  dislocation  or  a  grain  boundary  is 
gener^ly  regarded  as  the  typical  limiting  value  of  a  reversible  trap.  With  this  energy  level,  a 
reversible  trap  becomes  effective  in  capturing  hydrogen  around  400  “K  but  does  not  reach 
saturation  at  room  temperature,  as  shown  in  Figure  9.  A  graphical  description  of  this 
hydrogen  distribution  was  calculated  for  selected  hydrogen  traps  and  is  presented  in  terms  of 
the  saturation  temperature  in  Figure  10.  The  saturation  temperature  was  approximated  for  0.9 
fraction  of  trap  occupation  and  was  predicted  to  increase  wth  increasing  binding  energy.  A 
reversible  trap  whose  binding  energy  is  lower  than  60  kJ/mol  will  not  be  able  to  prevent 
hydrogen  cracking.  The  trapped  hydrogen  will  be  picked  up  by  moving  dislocations  and 
eventually  be  delivered  to  crack  initiation  sites  (16).  The  preferred  traps  are  then  those  having 
binding  energies  higher  than  60  kJ/mol  and  are  termed  irreversible  traps  (17). 


A  preliminary  numerical  study  of  hydrogen  trapping  during  the  welding  cooling  cycle  has  been 
conducted  as  a  basis  for  criteria  of  trap  selection.  This  study  involved  the  prediction  of 
dififusible  hydrogen  content,  which  changes  with  time  due  to  both  the  hydrogen  removal  out  of 
the  weld  metal  and  the  hydrogen  capture  by  trap  sites  in  the  weld  metal.  A  difiiision  model  of 
hydrogen  in  steel  containing  trap  sites,  similar  to  the  McNabb  and  Foster  model  (18),  has  been 
applied.  The  c^culation  was  done  numerically  to  take  account  the  variation  of  both  the 
hydrogen  diffusion  coefficient  and  the  hydrogen  capturing  rate  by  trap  sites  with  temperature 
and  the  associated  microstructure  of  the  diffusing  medium.  An  example  of  the  calculated  result 
is  shown  in  Figure  11a,  where  the  difiusible  hydrogen  content  (HD)  of  the  weld  metal 
containing  traps  is  predicted  to  be  lower  than  that  of  the  steel  without  traps.Also  shown  in 
Figure  1  la  is  the  trapped  hydrogen  (HT)  whose  amount  increases  with  time. 

An  abrupt  change  of  slope  can  be  observed  in  the  diffusible  hydrogen  content  right  at  the 
martensite  start  temperature  of  the  weld  metal.  Phase  transformation  from  austenite  to 
martensite  is  accompanied  by  a  large  increase  in  the  hydrogen  diffusion  coefficient  which  in 
turn  accelerates  both  the  hydrogen  capture  and  the  hydrogen  removal  out  of  the  weld  metal. 
The  kinetics  of  hydrogen  capturing  can  be  more  clearly  explained  in  Figure  lib  which  shows 
the  equilibrium  trap  occupancy  (neq),  the  actual  trap  occupancy  (n)  and  the  rate  of  hydrogen 
capture  (dn/dt).  The  hydrogen  capture  rate  depends  both  on  hydrogen  diffusivity  and  the 
driving  force  for  hydrogen  entrapment  (neq-n).  It  can  be  seen  that  a  sudden  increase  in  the 
rate  of  capture  always  follows  the  occurrence  of  martensite  phase  formation  where  both 
capture  determining  factors  are  maximized. 

The  criteria  for  the  use  of  traps  to  reduce  the  susceptibility  of  HAC  should  include  a  proper 
combination  of  several  factors.  These  factors  are  the  hydrogen-trap  binding  energy,  the  trap 
density,  the  martensite  start  temperature  and  the  cooling  rate  (Atg/s).  In  this  preliminary 


investigation,  each  of  the  above  mentioned  variables  was  varied  independently  and  the 
resulting  amount  of  diffusible  hydrogen  at  100  °C  as  well  as  at  300  °C  are  summarized  in 
Figures  12  to  15.  The  temperature  100  °C  has  been  considered  as  the  temperature  where  the 
potential  for  HAC  starts  to  become  a  problem. 

The  first  important  parameter  of  a  trap  is  the  hydrogen-trap  binding  energy.  In  this 
calculation,  four  values  of  binding  energies  that  correspond  to  different  trap  sites  were  used. 
They  are  60  kJ/mol  for  dislocations,  80  kJ/mol  for  AI2O3  inclusions,  100  kJ/mol  for  TiC 
particles,  and  120  kJ/mol  for  rare  earth  additions.  As  shown  in  Figure  12,  the  amount  of 
diffusible  hydrogen  content  decreases  with  increasing  hydrogen-trap  binding  energy.  The 
major  advantage  of  traps  with  high  binding  energy  is  that  they  provide  a  high  driving  force  for 
hydrogen  capture  within  high  temperature  regions.  The  data  at  300  ®C  shows  a  better  insight 
to  how  much  faster  the  hydrogen  is  captured  by  high  binding  energy  traps  as  opposed  to  those 
with  low  binding  energy.  Should  the  HAC  start  to  occur  at  a  higher  temperature  than  100  ®C 
(which  may  be  possible  for  weld  metal  with  low  martensite  start  temperature)  the  weld  metal 
containing  high  binding  energy  traps  may  have  a  better  chance  to  survive. 

The  difilisivity  of  hydrogen  in  the  austenite  phase  is  very  low,  so  that  the  hydrogen  cannot  be 
effectively  captured  or  removed  out  of  the  weld  metal  until  the  martensite  temperature  is 
reached.  The  lower  the  martensite  start  temperature  is,  the  longer  time  hydrogen  has  to  remain 
in  the  weld  metal  lattice  sites.  It  also  means  that  the  available  temperature  range  for  effective 
hydrogen  diflusivity  and  trapping  in  the  ferrite  phase  becomes  narrower  and  the  suppression 
of  diffusible  hydrogen  content  by  certain  traps  becomes  less  effective.  The  extreme  situation  is 
depicted  in  Figure  13  for  the  case  of  weld  metal  possessing  martensite  start  temperature  of 
400  °C.  The  advantage  of  using  a  trap  with  higher  binding  energy,  i.e.,  higher  capture  rate,  is 
then  obvious  in  this  very  narrow  temperature  range  situation.  However,  the  employment  of 
high  binding  energy  traps  for  a  high  martensite  start  temperature  weld  metal  can  lead  to  a 
situation  where  the  trapping  capacity  will  be  wasted  at  high  temperature  regions.  This 
behavior  can  occur  even  when  the  hydrogen  difiusivity  provides  a  high  potential  for  easy 
hydrogen  removal  out  of  the  weld  metal.  Therefore,  the  selection  of  hydrogen  traps  must 
consider  other  factors  than  just  the  weld  metal  or  consumable  allo)dng  contents. 

Conventional  hydrogen  management  usually  applies  proper  heat  treatment  or  suflSciently  low 
cooling  rate  to  provide  easy  hydrogen  removal  out  of  the  weld  and  to  form  a  less  susceptible 
microstructure  to  HAC.  In  case  of  weld  metal  containing  trap  sites,  a  certain  rate  of  cooling  is 
also  necessary  to  allow  for  enough  hydrogen  capture  time  before  the  temperature  reaches 
100  °C.  In  the  present  calculation,  the  cooling  rate  is  assumed  to  occur  naturally  and  relatively 
fast,  so  that  sufficient  hydrogen  removal  by  lattice  difiusion  alone  can  not  be  obtained.  The 
effect  of  cooling  rate,  shown  in  Figure  14,  appears  to  be  similar  to  that  of  the  martensite  start 
temperature.  A  very  fast  cooling  rate,  such  as  those  with  Atg/5  equal  to  one  second,  does  not 
permit  enough  time  for  hydrogen  to  leave  the  weld  metal  or  jump  into  the  trap  sites.  On  the 
other  hand,  in  a  slightly  slower  cooling  rate,  the  presence  of  traps  may  yield  a  low  diffusible 
hydrogen  content  at  100®C  and  alleviate  the  tendency  for  weld  metal  HAC.  This  prediction 
shows  the  potential  usage  of  traps  to  substitute  for  the  tight  heat-treatment  procedure 
necessary  for  high  strength  steel  welding. 


The  number  of  trap  sites  translates  into  the  capacity  to  hold  hydrogen  atoms.  A  higher  number 
of  trap  sites  in  the  weld  metal  will  produce  a  lower  diffusible  hydrogen  content,  which  is  in 
agreement  with  the  calculated  result  shown  in  Figure  15.  There  is  also  an  apparent  threshold 
number  of  trap  sites  for  optimum  hydrogen  trapping  that  can  be  observed  in  Figure  15.  The 
number  of  traps  used  in  the  present  calculation  corresponds  to  a  100  to  500  ppm  range  of 
substitutional  atom  traps  in  the  weld  metal.  In  the  case  of  inclusion  traps,  which  is  the  most 
probable  form  of  traps  in  weld  metal,  the  trap  sites  on  the  surface  are  of  the  inclusion  -  matrix 
inter&ce.  Depending  on  the  cooling  rate,  the  number  of  trap  sites  used  in  this  calculation  may 
coirespond  to  a  relatively  high  inclusion  volume  fraction  that  yields  weld  metal  with 
intrinsically  low  toughness.  Obviously,  the  number  of  trap  sites  that  can  be  used  is  limited  to 
an  extent  in  which  the  toughness  is  still  maintained  at  an  acceptable  level.  This  issue  suggests 
that  the  success  of  using  hydrogen  traps  should  not  be  related  to  significant  diffusible 
hydrogen  suppression  in  the  weld  metal.  Its  main  function  should  be  to  promote  a  proper 
distribution  of  hydrogen  in  weld  metal  so  that  a  high  local  accumulation  of  hydrogen  at  crack 
initiation  sites  can  be  prevented.  Furthermore,  in  high  strength  steel  welding,  where  hydrogen 
is  highly  accumulated  at  crack  initiation  sites,  the  presence  of  trap  sites  may  give  a  higher 
tolerance  for  diffusible  hydrogen  content.  Normally,  a  low  maximum  acceptable  level  of 
hydrogen  content  in  the  weldment  is  usually  required  for  conventional  welding  procedures. 

5.  PROSPECnVES 

Use  of  these  three  steps  for  hydrogen  management  will  reduce  susceptibility  to  hydrogen 
cracking  in  welds.  With  further  quantification  and  correlations,  anal)rtical  procedures  can  be 
developed  for  designing  welding  consumables  and  practices  for  high  strength  steel  that  require 
a  very  low  diffusible  hydrogen  content. 
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Table  1.  Hydrogen  trapping  in  Iron.  Reference  state  :  H  in  perfect  lattice 


Trap  Site 

Binding 

Energy 

(kJ/mol) 

Matrix 

Assessment 

Method 

Ref 

H-dislocation 

0  -  20.2 

Iron 

calculated 

19 

elastic  stress  field 

H-dislocation 

20-30 

Iron 

calculated 

11 

core  (screw) 

H-dislocation 

26 

Iron 

thermal  analysis 

20 

H-dislocation 

59 

Iron 

permeation 

21 

core  (mixed) 

H-grain  boundary 

18-20 

C-Mn  Steel 

thermal  analysis 

20 

H-grain  boundary 

60 

Iron 

thermal  analysis 

22 

H-grain  boundary 

59 

Iron 

permeation 

21,23 

H-Free  surface 

70 

Iron 

permeation 

24 

H-Free  surface 

95 

Iron 

permeation 

25 

3-NiAl 

27 

permeation 

26 

H-PdAl  interface 

34 

■in 

permeation 

25 

H-Fe-oxide  interface 

47 

C-Mn  Steel 

thermal  analysis 

27 

H-AIN  interface 

65 

Iron 

permeation 

28 

H-MnS  interface 

72 

C-Mn  Steel 

thermal  analysis 

29 

H-AI2O3  interface 

79 

C-Mn  Steel 

thermal  analysis 

30 

H-FeaC  interface 

84 

C-Mn  Steel 

permeation 

23,31 

H-TiC  interface 

87 

Iron 

thermal  analysis 

32 

H-TiC  interface 

95 

C-Mn  Steel 

permeation 

33 

H-Nd 

129 

Iron 

calculated 

34 

Matrix  element  is  precipitation  hardened  martensitic  stainless  steel. 


Hydrogen  Trapping  in  Ferrous  Weldments 


Spectral  Wavelength  (nm) 


Figure  1.  Non-uniform  distribution  of  hydrogen  across  the  center  line  of  a 
weldment.  Intensities  of  the  hydrogen  spectral  emission  are 
proportional  to  the  hydrogen  concentration. 


^  Mshaz 


Msfz  Mshaz 


Figure  2.  Illustration  of  hydrogen  difRision  at  different  martensite  start 
temperature  for  weldment  and  base  metal  (3) 


Hydrogen  conccntr«(lon  (cm^  /lOO  g  inm*'^ 


Figure  3.  Hydrogen  distribution  across  the  fusion  line  of  a  steel  weldment 
for  >  hdiHAz  and  Mi  vkm  ^  M|  haz* 


Figure  4.  Conceptual  illustration  of  cracking  prediction. 


Figure  5.  Illustration  of  hydrogen  cracldng/uncracking  zones  by  hydrogen 
content  and  martensite  start  temperature. 


Weld  Metal  Hydrogen-Oxygen  Relationship 


Weld  Metal  Oxygen  Content  (ppm) 

Figure  6.  Thermo-chemical  reaction  between  oxygen  and  hydrogen  in  the 
welding  plasma. 


Dissociated  Fluorine  Content  In  Flux  for  lOOg  Fused  Metal  (g) 


Figure  7. 


Thermo-chemical  reaction  between  fluorine  and  hydrogen  in  the 
welding  plasma. 


figure  8.  Effect  of  fluoride  additions  on  Hdiir  content. 
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Figure  9.  Fraction  of  trap  occupation  by  hydrogen  at  trap  sites  as  a 
function  of  temperature  for  various  hydrogen-trap  binding 
energies.  Partial  pressure  of  hydrogen  is  0.0545  Pa. 


Figure  10.  Temperature  for  ninety  percent  occupation  at  various  hydrogen 
trap  sites. 
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Ttmperatur*  ( *C)  ^  fraction  of  occupation  Hydrogen  Content  (nil/IOOgf) 


Eb=  100lcJ/mol,Nt  =  5x10“#/cc 


1S55  1019  671  445  296  202  140  100  74  57  46 


Temperature  (*C) 

Welding  Cooling  Cycle  :  Slow  Rate  (Atss  =5  seconds) 


Figure  11. Hydrogen  trapping  during  welding  cooling  cycle.  Initial  difiiisible  hydrogen  in 
weld  metal  is  IS  ml/lOOg.  In  (a)., the  notation  HD  stand  for  difiiisible  hydrogen, 
HT  is  the  trapped  hydrogen.  In  (b).,  n  is  the  fiaction  of  trap  occupation  by 
hydrogen  and  neq  is  the  equilibrium  fraction  of  occupation  determined  by  the 
Fermi-Dirac  distribution. 


Figure  12.  Effect  of  trap  binding  energy  on  the  diffusible  hydrogen  content. 

Initial  diffusible  hydrogen  content  is  15  ml/lOOg.  M,  =400C, 
Atg/s  is  5  seconds,  trap  density,  Nt  =5x10*’  #/cc. 


Figure  13.  Effect  of  M,  temperature  on  the  diffusible  hydrogen  content. 

Initial  diffusible  hydrogen  content  is  15  ml/lOOg.  Eb  is  100 
kJ/mol,  Atg/j  is  5  seconds,  trap  density,  Nt  =5x10*’  #/cc. 


Figure  14.  Effect  of  cooling  rate  on  the  difiusible  hydrogen  content.  Initial 
difhisible  hydrogen  content  is  15  ml/lOOg.  M,  =400C,  Eb  is 
100  U/mol,  trap  density,  Ni  =5x10*^  #/cc. 


Trap  Density  (x10^^  #/cc) 

Hgure  IS.  Effect  of  trap  density  on  the  difiusible  hydrogen  content.  Initial 
difiusible  hydrogen  content  is  15  ml/lOOg.  M,  =400C,  At*/s  is  5 
seconds,  Eb  is  100  kJ/mol. 


The  Relationship  Between  Hydrogen-Induced  Cracking 
Resistance,  Microstructure  and  Toughness  in  High  Strength 

Weld  Metal 


J.L.Davidson,  S.P.Lynch  and  A.Majumdar 
Defence  Science  and  Technology  Cfrganisation 


1.  INTRODUCTION 


Incre^  performance  for  Naval  platforms  requires  stronger  lighter  structures  which 
have  largely  been  obtamed  usmg  high  strength  steels.  As  the  strength  is  increased,  so 
is  the  risk  of  hydrogen  induced  cracking  after  welding.  The  COLLINS  class 
submarines  are  fabricated  fi-om  a  690  MPa  yield  stress  steel.  Mstorically,  the  risk  of 
hydrogen  mduced  cracking  has  been  greatest  in  the  heat  affected  zone  of  the  parent 
metal,  where  susceptible  microstructures  can  form  as  a  result  of  the  rapid  cooling  rate 
expenenced  during  the  welding  thermal  cycle.  However,  much  of  this  risk  has  been 
reduced  through  the  production  of  low-carbon  microalloyed  steels  which  do  not 
develop  susceptible  heat  affected  zone  microstructures.  The  risk  of  weld  metal 
hydrogen  induced  cracking  has  been  somewhat  reduced  through  the  development  of 
low-carbon  low-hydrogen  welding  consumables.  However,  these  developments  have 
not  kept  pace  with  advances  in  the  production  of  the  so-called  ‘preheat  fi-ee’  low- 
carbon  microaUoyed  steels  [1,2,3].  Consequently  in  modem  low  carbon  microalloyed 
steels,  the  focus  of  attention  in  the  control  of  hydrogen  induced  cracking  is  now  on  the 
weld  metal  [4,5,6]. 

There  is  general  agreement  that  the  conditions  which  lead  to  hydrogen  induced 
cracldng  during  weldmg  are:  (1)  a  critical  hydrogen  concentration,  (2)  residual  and 
applied  stress  above  a  certain  level  and  (3)  a  susceptible  microstructure  [7, 8, 9, 5].  AH 
three  conditions  are  interrelated:  the  critical  hydrogen  concentration  necessary  for 
cracking  could  be  reduced  by  an  increase  in  the  stress  or  by  the  presence  of 
microstructures  with  a  greater  hydrogen  induced  cracking  susceptibility.  Changes  in 
one  parameter  often  affect  changes  in  the  other  two.  For  example,  a  change  in  welding 
parameters  that  changes  the  weld  metal  cooling  rate  is  likely  to  alter  the  hydrogen 
concentration,  the  residual  stress,  and  the  microstructure.  Twinned  martensite  has 
been  shown  to  be  more  susceptible  to  hydrogen  induced  cracking  than  slipped 
m^ensite  [10].  This  may  be  due  to  either  the  higher  residual  stresses  present  in  the 
twinned  martensite  structure  or  an  inherent  susceptibility  of  the  structure  itself 

It  is  unclear  which  particular  aspect  of  a  microstructure  makes  it  susceptible  to 
hydrogen  induced  cracking.  Broadly  speaking,  the  hydrogen  induced  cracking 
susceptibUity  of  a  microstructure  increases  with  increasing  hardness  (or  strength) 
[11,12].  A  number  of  workers  have  indicated  that  it  is  the  particular  microstructure 
used  to  achieve  the  strength  which  wiU  have  a  greater  influence  on  hydrogen 
embrittlement  than  its  strength  level  per  se  [13,14,15,10,16]  and  that  neither  hardness 
(sy  Figure  1)  [4,17,18,10],  nor  strength  (see  Figure  2)  [19,20,21,22]  are  reliable 
indicators  of  hydrogen  induced  cracking  susceptibility.  The  relationship  between 
hardness  and  hydrogen  induced  cracking  resistance  of  weld  metal  is  further 
complicated  by  the  welding  parameters  used  to  deposit  the  weld  metal,  since  they 
affect  the  hydrogen  concentration  as  well  as  hardness.  Contours  of  equal  hardness  are 
plotted  m  Figure  1  as  a  function  of  welding  parameters  for  a  submerged  arc 
consumable.  The  solid  line  is  a  boundary  between  the  conditions  under  which 
hydrogen  induced  cracking  will  and  will  not  occur  in  a  Gapped  Bead  on  Plate  Test 
Since  the  crack  no-crack  boundary  crosses  the  hardness  contours,  a  situation  arises 
where  cracking  will  occur  at  “A”,  where  HV=320,  but  not  at  “B”  where  HV=360 
The  inherent  hydrogen  induced  cracking  resistance  of  weld  metal  deposited  under 
conditions  at  “A”  is  not  necessarily  lower  than  weld  metal  deposited  under  conditions 


at  “B”  since  the  hydrogen  concentration  will  be  higher  under  conditions  at  “A”  than  at 
“B”. 
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Figure  1.  Schematic  diagram  of  hardness  contours  as  a  junction  of  welding 
parameters.  Hydrogen  induced  cracking  will  occur  under  the  conditions  at  "A " 
(HV=320)  but  not  at  “B  ”  (HV=360)  (hardness  data  from  ref  23) 
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Figure  2.  The  embrittlement  index  ^rcent  loss  in  reduction  of  area)  as  a  function  of 
yield  stress  for  34  grades  of  steel  (after  ref  20). 

The  scatter  in  Figure  2  is  to  a  certain  extent  a  result  of  the  many  microstructure  types 
which  are  represented  in  the  data.  There  is  a  good  correlation  between  strength  and 
hydrogen  induced  cracking  resistance  when  the  hydrogen  embrittlement  is  plotted  as  a 
function  of  strength  for  one  microstructure  type.  Hobson  and  Sykes  [21]  examined  the 
hydrogen  induced  ductility  loss  of  a  quenched  3%  Cr-Mo  steel  which  was  tempered  to 
a  range  of  strength  levels  (see  Figure  3).  The  hydrogen  induced  ductility  loss 
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decr^  with  toe  strength  level  down  to  750  MPa  but  then  increased  as  toe  stfength 
w^  deore^ed  iurther.  The  change  in  behaviour  was  due  to  toe  spherodisation  of 
(atbides  wto^  «  die  higher  tempering  temperatures  used  to  achieve  the 

lower  stren^  levels,  pus  is  a  good  example  of  toe  dependence  of  hydrogen  induced 
cracking  resistance  on  both  strength  and  microstructure. 


Figure  3.  The  hydrogen  induced  ductility  loss  as  a  function  of  UTS  for 
steel  (after  Ref.  21).  '' 


a  3%Cr-Mo 


It  has  ^so  been  suggested  that  microstructures  with  low  toughness  are  more 
susceptible  to  hydrogen  mduced  cracking  [2,24,25,26,27,28].  Although  the 
correlation  b^een  toughness  and  resistance  to  hydrogen  induced  cracking  is  a  useful 
^e-of-thumb  for  the  welding  engineer,  the  relationship  does  not  always  hold  [29  301 
For  example  a  flux  cored  arc  weld  metal  was  shown  to  have  a  greater  hydrogen 
mduced  crackmg  resistMce  than  a  manual  metal  arc  weld  metal  despite  the  lower 
tougtaess  and  higher  difiiisible  hydrogen  concentration  of  the  flux  cored  arc  weld 
metal  (see  Table  land  Figure  4)  [29]. 


Table  1.  Properties  of  a  manual  metal  arc  and  a  flux  cored  arc  weld  metal. 


Yield  Rel 
(MPa) 

Tensile  Rm 
(MPa) 

Chaipy  Impact  Energy  (J) 
-51®C 

Ifc’ 

(ml/lOOe) 

FCAW 

735 

776 

58 

86 

6.0 

MMA 

794 

844 

75 

99 

3.5 

*  Hd  -  diffusible  hydrogen  content  per  lOOg  deposited  weld  metal 


The  flux  cored  arc  weld  metal  may  have  a  greater  hydrogen  induced  cracking 
resist^ce  due  its  lower  strength  relative  to  the  manual  metal  arc  weld  metal  or  because 
of  differences  m  the  inherent  hydrogen  induced  cracking  resistance  of  the  weld  metal 
microstructures  (see  Figure  5  ). 


Preheat  Temperature  (°C) 


Figure  4.  Gapped  head  on  plate  results  for  a  manual  metal  arc  and  a  flux  cored  arc 
consumable.  At  40^C  the  flux  cored  arc  specimens  had  0  and  11%  cracking  whereas 
the  manual  metal  arc  specimens  had  32  and  47%  cracking. 


Figure  5.  (a)  Microstructure  of  a  manual  metal  arc  weld  metal  X500 


Figure  5.  (b)  Microstructure  of  a  flux  cored  arc  weld  metal  X500 

The  correlation  between  toughness  and  hydrogen  induced  cracking  resistance  is  not  a 
proof  of  a  causal  relationship:  ie.  the  physical  process  of  fracture  during  hydrogen 
induced  cracking  is  not  normally  the  same  process  by  which  fracture  occurs  during  a 
toughness  test.  Furthermore,  the  fracture  mode  of  hydrogen  induced  cracking  can 
vary  for  the  same  material,  depending  on  the  hydrogen  concentration  at  the  crack  tip 
and  the  stress  intensity  factor  [3 1,32,33,14,34],  Increased  stress  intensity  factor  levels 
can  lead  to  a  change  in  the  fracture  mode  from  ‘brittle’  intergranular  fracture  to  quasi- 
cleavap  and  finally  transgranular  microvoid  coalescence  [31],  Accordingly,  the  failure 
mode  in  a  hydrogen  induced  cracking  test,  such  as  the  Gapped  Bead  on  Plate  test,  is 
sometimes  different  to  the  mode  of  hydrogen  induced  cracking  observed  in  a  multipass 
weld  (see  Figure  6  (a)  and  (b)). 

It  is  clear  that  the  interrelationship  between  strength,  toughness,  hydrogen  induced 
cracking  resistance  and  microstructure  is  complicated.  As  an  initial  attempt  to 
investigate  these  interrelationships  it  is  the  aim  of  this  paper  to  explore  the  relationship 
between  toughness  and  the  resistance  to  hydrogen-induced  cracking  in  weld  metal  for 
690MPa  yield  stress  steel  and  to  demonstrate  that  the  correlation  between  the  two  is 
due  to  the  qualitative  mutual  dependence  of  both  toughness  and  hydrogen  induced 
cracking  resistance  on  microstmcture.  To  this  end,  three  microstructural  features 
which  influence  toughness  are  discussed  in  terms  of  their  likely  effect  on  the  inherent 
hydrogen  induced  cracking  resistance  of  a  690MPa  yield  stress  weld  metal.  The 
resistance  to  cleavage  and  ductile  fracture,  as  measured  by  toughness  tests,  will  be 
treated  separately  in  the  discussion,  since  each  occurs  by  different  mechanisms  and 
hence  have  different  dependencies  on  microstructural  features. 


Figure  6.  The  variation  in  the  hydrogen  induced  fracture  mode  of  a  flux  cored  arc 
weld  metal  for  690MPa  yield  stress  steel  (a)  cleavage  and  microvoid  coalescence 

(taken  from  a  Gapped  Bead  on  Plate  Test).Cu)  intergranular  fracture  (taken  from  a 
multipass  weld). 


2.1  Second  phase  particles 
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**‘®  cracking  of  brittle  second  phase  particles 
[35],  such  as  carbides  [36]  or  inclusions  [37],  The  crack  formed  by  a  fractured  particle 

^  only  propagate  mto  Ae  adjacent  ferrite  matrix  if  the  stress  intensity  factor^at  the 
newly  formed  crack  tip  is  large  enough  to  initiate  cleavage  in  the  fLte  Wr 
p  icles  are  more  likely  to  iniUate  cleavage  since  the  crack  formed  by  their  fracture 
^  be  longer  and  hence  the  stress  intensity  factor  at  the  crack  tip  will  be  higher  It  has 
^  obs^ed  that  deavye  to  wdd  metal  ia  toidto«l  by  induLm  a.  to.  u^pJ^ 

Since  ductUe  fracture  occurs  by  the  growth  and  coalescence  of  microvoids  nucleated  at 

senSon  nf  promoted  by  an  increased  size  and  decreased 

sep^ation  of  mclusioM,  which  to  a  first  approximation  wiU  be  given  by  the  volume 
fracuon  of  mclusions  [63,39,40].  ^  volume 

Smce  ductile  fracture  occurs  by  the  growth  and  coalescence  of  microvoids  nucleated  at 
mclusions,  ductile  crack  growth  will  be  promoted  by  an  increased  si^  rlS  dTcr^ 

= -veo 


Figure  7  Th^size  of  inclusions  which  have  initiated  cleavage  fracture  in  blunt  notch 
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Table  2.  Identified  hydrogen  traps  with  a  range  of  trap  energies. 


Hydrogen  Trap 

Activation 

Energy 

W/moI 

Peak  Temp. 
“C 

Ref. 

Very  reversible 

interstitial  lattice  site 

7.7 

_ 

1441 

Reversible 

Ti  substitutional  atom 

26 

[45J 

grain  boundaries 

17.2 

112 

[46J 

m 

26 

- 

[47] 

dislocations 

- 

270 

[48] 

M 

24 

- 

[49] 

24 

- 

[50] 

26.8 

215 

[46] 

fenite/caibide  inter&ce 

115 

[48] 

ferrite/cementite  interlace 

18 

160 

[51] 

N 

18.4 

• 

[52] 

N 

- 

123 

[46] 

fcnite/caibidc  average 

26.8 

- 

[52] 

(tempered  martensite) 

29.7 

- 

[52] 

(overaged  martensite) 

36.4 

. 

1521 

“Irreversible” 

microvoids 

48.3 

338 

[48] 

M 

35.2 

305 

[46] 

36.8 

330 

[51] 

iron  oxide 

50.6 

430 

[51] 

69.5 

530 

[51] 

MnS 

72.3 

496 

[48] 

A1203 

79 

580 

[53] 

A1203  or  Si02 

86.2 

630 

[51] 

112.1 

750 

[51] 

TiC 

88.2 

- 

[45] 

Inclusions  can  affect  hydrogen  induced  cracking  resistance  by  acting  as  crack  nuclei 
and/or  hydrogen  traps.  When  the  weld  pool  solidifies,  hydrogen  diffuses  due  to  the 
concentration  gradient.  During  this  process  hydrogen  becomes  trapped  by 
“irreversible”  and  reversible  traps.  Traps  are  classified  on  the  basis  of  their  room 
temperature  behavior:  “irreversible”  if  they  act  purely  as  hydrogen  sinks  or  reversible 
if  they  accept  hydrogen  under  some  circumstances,  but  act  as  a  hydrogen  source  under 
others.  The  local  hydrogen  concentration  at  a  potential  crack  site  must  reach  a  critical 
level  for  a  given  stress  before  cracking  will  initiate.  Hydrogen  traps  influence  the 
likelihood  of  cracking  by  reducing  the  amount  of  hydrogen  available  to  diflEiise  to  the 
critical  cracking  locations  and  by  reducing  the  rate  at  which  it  can  diffuse  there 
[54^55].  Many  traps  have  been  identified  and  some  of  the  traps  which  could  be  present 
in  weld  metal  for  690MPa  yield  stress  steel  are  listed  in  Table  2.  The  trap  activation 
energy  is  a  measure  of  the  traps  strength  and  will  dictate  the  temperature  at  which 
hydrogen  is  released  fi’om  the  trap.  Since  even  ‘irreversible’  traps  release  their 
hydrogen  above  a  certain  temperature,  knowledge  of  the  trap  strength  facilitates  the 
optimum  usage  of  hydrogen  traps  in  the  science  based  design  of  weld  metal  for 
maximum  hydrogen  induced  cracliig  resistance. 


Second  phase  particles  cm  either  increase  or  decrease  the  resistance  to  hydrogen 
induced  cracking  depending  on  the  nature  and  distribution  of  the  particle.  A 
nucrostructure  that  contains  a  uniform  distribution  of  particles,  such  as  TiC  particles 
[55],  which  trap  the  hydrogen  but  which  are  not  potential  crack  nuclei  themselves 
should  give  the  greatest  resistance  to  hydrogen  induced  cracking  [54,56],  Conversely, 
large  acutely  shaped  particles  introduce  large  areas  of  incoherent  interface  into  the 
structure,  which  trap  large  amounts  of  hydrogen  at  a  location  which  is  intrinsically 
more  susceptible  to  cracking  [54,56], 

The  effect  of  the  oxide  inclusion  content  on  the  resistance  of  an  HSLAIOO  and  an 
HYIOO  weld  metal  to  hydrogen  induced  cracking  has  been  investigated  by  varying  the 
weld  metal  oxygen  content  [57],  The  HYIOO  weld  metal  had  sufficient  inherent 
hardenability  from  its  alloying  content  so  that  with  the  exception  of  an  increased 
number  of  oxides,  its  microstructure  was  unchanged  by  an  increased  oxygen  content 
and  a  special  quenching  technique  was  employed  to  ensure  a  similar  consistency  of 
microstructure  and  strength  of  the  HSLAIOO  weld  metal  with  increasing  oxygen 
content.  For  both  weld  inetals  an  increasing  oxygen  content  reduced  the  resistance  to 
hydrogen  induced  cracking  and  increased  the  amount  of  intergranular  feilure.  The 
decreased  hydrogen  induced  cracking  resistance  was  believed  to  be  due  to  the 
increased  number  of  oxide  inclusions  on  prior-austenite  grain  boundaries.  The  grain 
boundary  inclusions  were  believed  to  promote  grain  boundary  fracture  by  locally 
concentrating  the  hydrogen  via  a  hydrogen  trapping  mechanism  and  by  acting  as  a 
stress  raiser.  Because  the  inclusions  were  relatively  small,  those  inclusions  within  the 
prior-austenite  grains  did  not  initiate  hydrogen  induced  fracture  and  may  have 
moderated  the  effect  of  the  grain  boundary  oxides  by  reducing  the  hydrogen  available 
to  diffuse  to  the  grain  boundaries. 


2.2  Ferrite  Grain  size 

A  finer  grain  size  improves  the  resistance  to  cleavage  initiation  [58,59,60]  through  the 
i^uence  of  dislocation  pile-up  stresses  on  the  fi^cture  stress  [61,62]  .  A  finer  grain 
size  also  improves  the  resistance  to  cleavage  propagation.  Since  cleavage  fracture  in 
ferrite  occurs  along  {100}  planes,  a  fracture  must  change  direction  when  it  crosses  a 
high  angle  boundary  between  adjacent  grains  of  acicular  ferrite.  The  smaller  the  grain 
size  the  more  tortuous  the  fracture  path  and  the  greater  the  resistance  to  cleavage 
fracture  propagation.  [63]. 

^though  the  effect  of  grain  size  on  the  resistance  to  ductile  fracture  has  not  been 
investipted  explicitly,  a  finer  grain  size  will  increase  the  strength  of  the  weld  metal, 
which  in  turn  is  believed  to  reduce  the  longitudinal  strain  needed  to  cause  microvoids 
to  coalesce  [64], 

Hydrogen  induced  cracking  in  weld  metals  for  690  MPa  yield  stress  steels,  occurs  in 
multipass  welds  predominantly  by  an  intergranular  fracture  along  prior-austenite  grain 
boundaries  and  is  unlikely  to  be  affected  by  a  decrease  in  the  ferrite  grain  size. 
However,  a  decreasing  grain  size  was  found  to  reduce  the  extent  of  intergranular 
hydrogen  induced  cracking  in  purified  iron  and  iron-titanium  alloys  [65,66], 
Improvements  to  hydrogen  induced  cracking  resistance  with  a  decreasing  grain*  size 
may  arise  from  an  incre^e  in  the  hydrogen-trap  density  associated  with  the  increased 
number  of  grain  boundaries  per  unit  volume  [33], 


2.3  Grain  boundary  ferrite 


The  presence  of  grain  boundary  ferrite  is  considered  to  be  deleterious  to  cleavage 
fracture  initiation  and  propagation  and  has  been  implicated  as  a  contributing  factor  in 
hydrogen  induced  intergranular  fracture.  Tweed  and  Knott  showed  that  in  a  C-Mn 
weld  containing  acicular  ferrite  and  grain  boundary  ferrite,  strain  will  be  localised  in  the 
grain  boundary  ferrite  until  the  bulk  specimen  strain  reaches  approximately  7%.  They 
suggested  that  this  localisation  of  strain  may  promote  cleavage  initiation  in  non- 
metallic  inclusions.  They  also  noted  a  slight  tendency  for  the  cleavage  fracture  to 
preferentially  follow  the  grain  boundary  ferrite  [37].  However,  it  seems  odd  that  a 
phase  which  “absorbs”  1%  of  the  bulk  specimen  strain  can  be  considered  to  be 
deleterious  to  toughness. 

Grain  boundary  ferrite  has  also  been  associated  with  the  initiation  of  hydrogen  induced 
cracking  [67,5,68,69].  Allen  et  ah  suggest  that  cracks  along  prior-austenite  grain 
boundaries  initiate  at  grain  boundary  ferrite  whose  ductility  is  r^uced  by  hydrogen, 
but  no  detailed  evidence  or  description  of  a  mechanism  was  ofrer^  [68].  It  has  also 
been  suggested  that  carbon  which  is  expelled  from  pro-eutectoid  ferrite  during  the 
phase  transformation  from  austenite,  can  segregate  to  the  grain  boundary  and  thereby 
make  the  boundary  more  susceptible  to  hydrogen  embrittlement  [69].  Carbon 
segregates  strongly  to  grain  boundaries  and  is  one  of  the  most  powerful  elements  for 
increasing  grain  boundary  strength  [70,71],  but,  high  levels  of  grain  boundary  carbon 
can  weaken  grain  boundaries  [72].  This  may  explain  why  investigations  into  the  effect 
of  grain  boundary  carbon  on  HIC  have  produced  conflicting  results.  In  one  study  [73] 
an  increased  partitioning  of  carbon  to  grain  boundaries  changed  the  mode  of  HIC 
from  intergranular  to  transgranular,  while  in  another  [74],  exactly  the  opposite  effect 
was  observed. 

2.4  Summary 

The  influence  of  three  microstructural  features  on  ductile  fracture,  cleavage  fracture 
and  hydrogen  induced  cracking  resistance  is  summarised  in  Table  2.  Although  each 
fracture  mode  is  affected  by  each  of  the  microstructural  features  listed,  the  physical 
processes  by  which  each  fracture  mode  is  affected  are  different.  For  example,  all  three 
modes  are  affected  by  inclusions.  However,  cleavage  initiation  is  affected  most  by  the 
largest  inclusions,  ductile  fracture  is  controlled  by  the  volume  fraction  of  inclusions 
and  hydrogen  induced  cracking  resistance  is  affected  by  the  number  of  inclusions  on 
prior-austenite  grain  boundaries  and  by  the  hydrogen  trapping  effects  of  inclusions.  It 
is  evident  from  Table  1,  that  hydrogen  induced  cracking  resistance  and  toughness  are 
indirectly  related  through  their  mutual  dependence  on  microstructural  features. 


JaWe  2.  The  influence  of  microstructural  features  on  ductile 
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! - - - a!!jiSg«M>P^  effects 

Femte  Gram  size  Hydrogen  trapping  effects 

Grain  boundary  Increase  ofgrain  boundary  carbon 

ferrite  f69i 


Ductile  Fracture 

Resistance 

Cleavage  Fracture 

Resistance 

Volume  ftaction  [39,63]  , 

Largest  inclusions  (>liun) 
[37,38] 

Indiiect  relationahip  through 
dependence  oa  stren^ 

Inversely  proportional  to  Vd 
[25] 

Localised  strain  causes 
cracked  inclusions  1171 

3.  CONCLUSIONS 

toughness  and  hydrogen  induced  cracking 
resistance  IS  complex  and  microstructure  is  the  primary  element  from  which  each  is 

fimret  on  ®  examination  of  the  effects  of  microstructural 

features  on  hydrogen  mduced  cracking  resistance  will  aUow  for  a  more  scientificallv 

ratiorial  development  of  welding  consumables  for  maximum  hydrogen  induced 
crackmg  resistance  rather  than  a  reliance  on  empirical  correlations. 
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1.0  INTRODUCTION 

A  significant  portion  of  the  cost  of  welding  high  strencth  st^\ 

taken  to  avoid  th«»  r>i.  7  ^  »“^engtn  steel  structures  is  m  the  measures 

^  p.*hea,  »d  postweld  «henj 

maintaining  stringent  procedural  controls.  ^  ^ 

•  To  model  the  relationship  between  composition,  hvdronen  level  .nrf  ™U' 

conditions  on  weld  metal  hydrogen  cracking.  ^ 

*  1“  “1’™''“*  “=“  weld  metal  hydiogen  ctaddng 

0™S  “Srrst'S  l-ete 

TSf it3"^  ■ 

transport  through  a  solid  state  system  The  final  ohiH  ^  Q^titative  understanding  of  hydrogen 
mtd  cLmical  compo^lrhS^  «  S^biT'tl'^ 
capability  to  (1)  monitor  and  predil  wSSlSffiS^td^^  S“5”““ 
determine  critical  leveU  of  diLible  hydtogr«^^rfo„’^S^5,”  <l“™g  wddmg  and  (2) 
conditions.  Such capririfities  could  f 

that  safe  (crack-free)  welding  errenLe,  L„Sd  i„  *>'  r"™* 

between  composition  and  weld  metal  hydrogen  crackins  will  be  an  in  ^  •  Si^htative  relationship 
U.S.  Navy  efforts  to  develop  preheat-SurrSI^^® 
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1.1  ARC  HYDROGEN  SENSOR 


An  arc  hydrogen  sensor  is  currently  under  development  for  in-process  monitoring  of  hydrogen 
during  the  welding  of  high  strength  steels.  The  sensor  is  a  spectrometer  capable  of  detecting 
light  within  the  visible  wavelength  range.  The  sensor  consists  of  a  spectrometer,  containing  a 
512  element  linear  photodiode  array,  and  a  fiber  optic  bundle.  The  fiber  optic  bundle  contains 
a  spherical  sapphire  lens  which  collects  light  fi-om  the  entire  welding  arc  area  rather  than  line 
of  sight  collection.  TTie  light  travels  through  the  fiber  optic  bundle  to  the  spectrometer  where 
a  70  nm  bandwidth  is  spread  over  the  photodiode  array.  The  bandwidth  contains  the  peaks  for 
hydrogen  (656.2  nm)  and  argon  (675.2  nm).  The  ratio  of  the  hydrogen  peak  to  the  argon 
peak  is  used  to  monitor  the  level  of  hydrogen  within  the  welding  arc,  see  equation  below.  This 
ratio  has  been  shown  to  be  an  effective  means  for  monitoring  the  hydrogen  in  an  argon- 
dominated  plasma.  [1,2,3] 


Irel  -  (  Ih  -  Ib  )/(  Iat  -  Ib 


where. 

Ini  =  relative  intensity, 

Ih  =  intensity  of  the  hydrogen  line 
Ib  =  background  intensity  level,  and 
Iat  =  intensity  of  the  argon  line. 


) 


The  purpose  of  developing  such  a  sensor  is  to  provide  the  ability  to  monitor  and  predict  the 
weld  metal  difiiisible  hydrogen  levels.  The  approach  is  two-fold.  The  first  approach  involves 
correlating  the  relative  intensity  to  the  AWS  A4.3  difiRisible  hydrogen  results.  The  utilization 
of  this  approach  would  predict  difihisible  hydrogen  test  results  and  allow  in-process 
monitoring  during  fabrication  for  fluctuations  in  hydrogen  levels.  The  second  approach  is  a 
more  versatile  one  which  involves  modelling  weld  metal  difiusible  hydrogen  content  and 
distribution  using  the  amount  of  hydrogen  present  in  the  welding  arc  as  input.  The  amount  of 
hydrogen  present  in  the  welding  arc  could  be  extracted  fi-om  the  correlation  between  the 
relative  intensity  and  the  amount  of  hydrogen  present  in  the  shielding  gas.  This  approach  will 
provide  a  tool  which  could  not  only  predict  diffusible  hydrogen  results,  but  predict  hydrogen 
concentration  and  distribution  in  the  case  of  complex  welding  situations. 

Figure  1  shows  typical  spectra  collected  fi-om  a  welding  arc  with  various  amounts  of  hydrogen 
added  to  the  shielding  gas.  As  the  amount  of  hydrogen  in  the  shielding  gas  is  varied,  the 
hydrogen  peaks  become  larger  while  the  argon  peaks  remain  relatively  constant. 

Figures  2  and  3  display  the  relationslup  between  relative  intensity  and  the  results  of  the 
diffusible  hydrogen  test  for  a  series  of  experiments  involving  hydrogen  and  moisture  additions, 
and  variations  in  welding  parameters.  In  the  development  of  these  relationships,  hydrogen  gas 
was  added  to  a  standard  98%  Ar  -  2%  O2  in  amounts  up  to  1% ,  the  dew  point  of  the  shielding 
gM  was  varied  to  1®F,  and  the  welding  parameters  were  varied.  The  resulting  spectra  and 
diffusible  hydrogen  results  were  measured. 


The  data  representing  a  travel  speed  of  12  ipm  shows  that  the  relationship  between  relative 
intensity  and  weld  metal  diffusible  hydrogen  is  linear  regardless  of  the  source  of  hydrogen.  An 
analysis  indicates  a  fit  of  0.67,  indicating  some  scatter  in  the  data.  However,  this  data  set 
represents  a  large  range  in  welding  electrical  parameters.  Further  isolation  of  electrical 
parameters  is  performed  in  Figure  3.  This  isolation  of  data  indicates  an  improvement  in  the 


relationships.  This  also  suggests  that  changing  amperage  and  voltage  affect  the  relationship 
between  relative  intensity  and  weld  metal  diffusible  hydrogen. 

Figure  1.  Spectra  showing  the  hydrogen  and  argon  peaks  for  various  levels  of  shielding  gas 
hydrogen. 


Figure  2  also  shows  the  effect  of  the  welding  travel  speed.  The  data  for  travel  speeds  of  30 
and  55  ipm  indicate  slightly  higher  slope  values  than  for  12  ipm.  This  suggests  that  other 
&ctors  relative  to  the  diffiisible  hydrogen  test  are  acting  to  influence  the  slope  value. 

of  the  &ctors  influencing  the  relationship  between  relative  intensity  and  weld  metal 
diffusible  hydrogen  content  are  not  fully  understood  at  this  time.  However,  these  factors  may 
interart  in  a  complex  manner  which  may  make  it  difBcult  to  handle  variations  in  welding 
scen^os.  Therefore,  the  relationships  given  in  Figure  2  do  not  apply  to  other  sets  of  welding 
conditions.  However,  for  a  given  set  of  welding  parameters,  the  use  of  relative  intensity  to 
predict  weld  metal  diffusible  hydrogen  results  or  fluctuations  in  results  is  feasible  using  this 
approach. 

l^e  to  the  complex  interactions  between  welding  parameters,  plasma  characteristics,  and 
di&sible  hydrogen  results,  a  ^nd  approach  is  being  pursued.  The  relative  intensity  data  is 
being  coupled  with  a  3“D  finite  element  modelling  effort.  In  this  case,  the  relative  intensity 
data  is  used  only  to  identify  the  concentration  of  hydrogen  in  the  plasma.  This  can  be 
accomplished  through  a  relationship  such  as  the  one  shown  in  Figure  4. 


relationship  between  the  H/Ar  relative  intensity  ratio  and  the  weld  metal 
dinusible  hydrogen  content. 


1  2  3  4  5 

Relative  Intensi^,  H/Ar 


Figure  3.  The  eff^  of  electrical  parameters  on  the  relationship  between  relative  intensity  and 
weld  metal  difiusible  hydrogen. 


000  1.00  2.00  3.00  4.00 

Relative  intensity,  H/Ar 
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Figure  4.  The  effect  of  hydrogen  additions  on  the  relative  intensity  values  (H/Ar). 


This  linear  plot  shows  the  relationship  between  the  amount  of  added  hyrogen  to  the  shielding 
gas  and  the  mea^red  relative  intensity  value.  Theoretically,  the  relative  intensity  should  be 
zero  when  there  is  no  hydrogen  present  in  the  welding  arc.  However,  the  “actual  data”  has  a 
non-zero  intercept.  However,  the  total  amount  of  hydrogen  is  actually  the  sum  of  the 
hydrogen  in  the  shielding  gas  and  hydrogen  present  from  other  sources  (i.e.  wire,  atmosphere, 
moisture,  etc.).  Therefore,  the  measured  relative  intensity  value  at  zero  added  hydrogen 
indicates  the  prince  of  hydrogen  from  other  sources.  Using  the  intercept  value  of  0.60  and 
assuming  lineanty  at  small  values  of  added  hydrogen  and  relative  intensity,  the  hydrogen 
present  due  to  other  sources  is  t^culated  as  0. 13  vol.  %.  Additions  of  0. 13%  to  each  x-value 
would  then  result  in  a  relation^p  which  passes  through  zero  as  shown  by  “shifted  data”.  Just 
as  Ae  relationship  in  Figure  1  is  sensitive  to  welding  parameters,  so  is  the  relationship  between 
added  hydrogen  and  relative  intensity.  However,  in  this  case,  diffusible  hydrogen  testing  is  not 
necessary  to  establish  the  relationship.  Currently,  this  relationship  is  being  determined  for 

vanous  welding  parameters  with  the  intent  of  establishing  a  relationship  between  welding 
parameters  and  the  slope. 


Once  the  relationship  between  ^ded  hydrogen  and  relative  intensity  is  established,  the  relative 
intensity  can  be  me^r^  during  welding,and  the  amount  of  hydrogen  determined.  This 
hydrogen  concentration  is  assumed  to  be  the  plasma  hydrogen  concentration.  This  plasma 
hydrogeii  concentration  is  then  utilized  in  a  3-D  model  being  developed  at  the  Pennsylvania 
State  University.  This  model  simulates  hydrogen  transport  from  the  high  temperature  plasma, 
through  the  molten  metal,  and  into  the  solidified  weld  metal.  Initial  results  are  shown  in 
Figure  5.  There  is  reasonable  agreement  between  the  model  and  experimental  results 
However,  the  model  development  is  in  it’s  initial  stages  and  many  details  are  still  under 
development. 


Figure  5.  Comparison  of  experimental  and  model  results. 


Welding  travel  speed,  ipm 

Results  of  this  work  have  indicated  that  spectral  analysis  of  hydrogen  in  the  welding  arc  is  a 
viable  means  of  predicting  hydrogen  in  the  weld  metal.  Results  indicate  that  the  use  of  relative 
intensity  to  predict  weldmetal  divisible  hydrogen  results  or  fluctuations  in  results  is  feasible. 
The  combination  of  a  spectragraphic  sensor  and  3-D  finite  element  modelling  show  promising 
results  toward  being  able  to  predict  weld  metal  divisible  hydrogen  test  results.  The  future  of 
this  method  lies  in  the  development  of  a  similar  system  wluch  is  capable  of  predicting  weld 
metal  hydrogen  concentrations  at  any  time  during  more  complex  single-pass  and  multi-pass 
welding  situations. 

1.2  HYDROGEN  TRANSPORT 

The  objective  of  this  woric  is  to  determine  the  diffiiaon  characteristics  of  hydrogen  in  HSLA- 
100  steel  and  to  develop  the  ability  to  control  the  hydrogen  concentration  in  steel  as  a  function 
of  distance.  Consequently,  it  will  be  possible  to  modify  hydrogen  concentration  ahead  of  a 
crack  tip.  This  will  be  a  useful  tool  for  studying  the  interaction  of  hydrogen  and  a  propagating 
hydrogen  crack. 

Modified  Devanathan-Stachurski  (D-S)[4]  permeation  experiments  are  being  performed  to 
characterize  the  transport  of  hydrogen.  The  bi-electrode  D-S  cell  is  shown  in  Figure  6.  During 
a  standard  permeation  experiment  the  input  side  of  the  bi-electrode  is  cathodically  charged 
producing  hydrogen  on  the  input  surface  of  the  specimen.  Hydrogen  is  adsorped  into  the 
specimen  and  difluses  to  the  output  side.  On  the  output  side  of  the  cell,  the  hydrogen  is 
oxidized  into  water.  The  current  of  the  oxidation  reaction  is  a  direct  measurement  of  the 
hydrogen  permeating  through  the  membrane.  The  reactions  occurring  in  the  cell  are  given  by; 

Input  side:  HjO  ->  OH"  +  (cathodic  polarization),  and 
Output  side  H*  +  Off  H2O  (hydrogen  oxidation) 

In  this  work,  a  modification  to  a  simple  permeation  experiment  was  used.  It  uses  a 
sinusoidally  modulated  current  to  cathodically  charge  hydrogen  on  the  input  side  of  the  D-S 


ceU.  The  current  is  modulated  by  superimposing  an  alternating  charging  current  on  a  constant 
m^  currerit.  This  permits  separation  of  the  adsorption  and  difiiision  processes.  The  effect  of 
usmg  a  m^ulat^  charging  current  on  hydrogen  permeation  is  schematically  illustrated  in 

current  signals  is  dependent  on  the 
sivity  0  ydrogen  through  the  specimen.  The  relationship  between  the  independent 
variables  and  the  phase  shift  ( O  )  is  given  by:  ^ 


ta  n 


n  a  -  ta  n  h 


n  a  ^  ta  n  h 


JLli 

«  )J 


where;  a  =  {nflD)^-t 

f  =  frequency 
t  =  thickness  of  specimen 
D  =  difiusion  coefficient 


TTie  concentration  of  hydrogen  (C^,)  et  any  point  x  within  the  specimen  consists  of  a  mean 
component  (Co,,,)  and  an  alternating  component  (Calt^,),  as  described  below. 


where:  x^=XI2n 


(Calt =  .<4  •  exp(-x  /  )  •  sin||^-^J 


_ 

iTonk  {Daf'^ 

(0  =  l7rf 

c,  *  concentration  at  the  input  surface 


The  amplitude  of  the  alternating  portion  of  the  concentration  profile  is  an  exponentially 

damped  wave  with  a  velocity  of  (Dffl)“  Consequently,  it  should  be  possible  to  modifi- the 

concmtration  of  hydrogen  below  a  sur&ce  by  modification  of  input  parametera  such  as 
amplitude  and  frequency. 

Mtial  r^ulte  of  the  output  current  from  a  modulated  charging  current  are  shown  in  Figure  8. 
Ftgure  8(a)  is  an  example  of  the  output  signal  as  a  result  of  a  single  30  second  input  pulse. 

signal  is  a  result  of  hydrogen  permeating  the  membrane  to  the  oxidation  side  of  the  cell. 
Figure  8^)  is  an  example  of  the  output  signal  as  a  result  of  several  pulses  created  with  various 
frequencies.  Increasing  frequency  resulted  in  increased  damping  of  the  output  signal  as 
expected  from  the  govenmg  equations.  This  indicates  that  the  diffusion  process  can  be 
seperated  from  the  adsorption  process  at  high  frequencies  and  that  it  will  be  possible  to  vary 
hydrogen  concentration  as  a  function  of  distance. 


Figure  6.  Devanathan-Starchurski  bi-electrode  cell. 
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Figure  7.  Schematic  illustration  of  the  effect  of  a  modulated  char^g  current  on  permeation  of 
hydrogen  through  a  membrane. 
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Figure  8.  Examples  of  the  output  current  from  a  hydrogen  permeation 
single  pulse  and  using  a  modulated  charging  current. 


experiment  using  a 


time  (strip  chart  feed  direction) 

(b)  modulated  charging  current 


(a)  30  second  pulse 
1.3  WELDABILITY  METHODOLOGY  DEVELOPMENT 


^e  objective  of  the  weldability  program  is  to  develop  a  methodology  for  determining  the 
l^y^ogen  crac^g  resis^ce  of  high  strength  steel  weldments.  The  methodology  will  then  be 
used  to  Identify  safe  weldmg  procedures  and  design  more  weldable  materials.  A  summary  of 
Ae  base  plate  maten^  used  is  provided  in  table  1.  Solid  wire  gas  metal  arc  wX 

consumables  included  MIL-I 

-120S,  MIL-E-IOOS,  and  a  MIL-E-70S  products. 

^e  methodolo^  employs  a  crack  prediction  model  based  on  determination  of  a  minimum 

be  used  to  evaluate 

1  “  ‘^bemiy  and  hydrogen  content  on  changes  in  tioo  required  to  avoid 

CTaSg  ^  procedure  and  material  development  to  avoid  hydrogen 

The  tiw  is  a  meagre  of  hydrogen  diffusion  out  of  the  weld.  Hydrogen  cracking  may  occur  if 
Ae  paifrcul^  weldmg  pa^eters  (such  as  preheat  temperature  and  heat  input)  result  in  a  tioo 
that  is  less  than  t,oo,  i^.  Increasmg  weldmg  preheat  temperature  increases  tioo  resulting  in 
mor^ydrogen  removal.  The  removal  of  hydrogen  reduces  the  likelihood  of  hydrogen 


Figure  9.  Schematic  Illustration  of  the  crack  prediction  model 


Input  Crack  Prediction  Model  Result 


Table  1.  Base  plate  compositions 


C 

Mb 

a 

P 

S 

Nl 

Mo 

Cr 

V 

HY-100 

0.033 

0.23 

0.20 

0.003 

0.010 

2.60 

0.26 

i.i< 

0.007 

0.12 

Em 

0.037 

0.78 

0.27 

0.013 

0.002 

Em 

0.62 

om 

■ifiNM 

1.36 

0.36 

HSLAlOCr 

0.036 

0.76 

0.23 

0.003 

0.010 

3.41 

cm 

0.63 

0.002 

1.31 

HSLA-80 

0.06 

HQUIIIIIIH 

0.003. 

0.22 

0.73 

0.002 

1.13 

HSLA-65 

0.08 

1.39  1 

0.22  1 

.003 

0.33 

0.06 

0.16 

0.002 

0.23 

1. 19  mm  plate  used  in  WIC  tests 

2. 25  mm  plate  used  in  cruciform  tests 

3.  CEN  is  a  Yuiioka’s  carbon  equivalent  number  [5] 


The  primary  weldability  tests  used  in  this  study  included  the  Welding  Institute  of  Canada’s 
(WIC)  single  pass  high  restraint  cracking  test  and  multipass  cruciform  tests.  Some  gapped 
bead  on  plate  and  implant  tests  were  also  performed  on  some  of  the  materials.  The  effect  of 
composition  was  evaluated  by  using  different  plate  and  wire  combinations.  The  various 
changes  in  alloying  is  handled  by  calculation  on  a  carbon  equivalent  number.  In  this  study 
Yurioka’s  CEN  carbon  equivalent  number  [5]  was  used  to  assess  dianges  in  hardenability 
(chemistry).  Diffusible  hydrogen  was  varied  through  hydrogen  additions  to  the  M-2  shielding 
gas.  The  diffusible  hydrogen  content  was  measured  by  gas  chromatography  in  accordance  this 
AWS  A4.3  [6]. 


Cracking  versus  no  cracking  regions  were  identified  and  empirical  equation  of  the  line 
separating  the  two  regions  are  derived.  The  two  lines  shown  in  Figures  10  and  1 1  represent 
cracking  versus  no  cracking  boundary  lines. 


Figure  10.  The  effect  of  CEN  and  t.oo  on  hydrogen  cracking. 


Figure  1 1.  The  effect  of  CEN  and  difiusible  hydrogen  on  hydrogen  cracking 


Hd. 

ini/IOOg 


When  the  equation  of  these  two  lines  are  combined  the  resulting  equation  represents  a 

of  which  is  a  function  rfthe  chcnnsuy  of  the 


tlOO,  min  =  34.1(CEN)  +  (Hd.5)/3.5  -  9.1 


Figure  12.  Hydrogen  cracking  response  surface  of  tioo,  nuaas  a  fiinction  of  and  difiRisible 
hydrogen  (Hd),  orthagonal  view. 
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Figure  13,  Iso-tioo,  nm  contours  of  the  hydrogen  cracking  response  sur&ce. 


t  lOO-min  -  34. 1  (CEN)  +  (Hd  -5)/  3.5  -9.1 

The  results  of  this  analysis  indicate  that  some  high  strength  steels  may  need  little  or  no 
preheat.  For  example  if  a  line  is  drawn  at  CEN  =  0.4,  representing  an  HSLA  100  type  of 
material,  and  a  line  is  drawn  at  Hd  =  8  ml/lOOg  the  tioo,  bub  value  is  approximately  5  minutes. 
This  is  a  typical  cooling  time  for  a  19  mm  thick  plate  welded  without  preheat  using  typical 
welding  conditions.  Consequently  one  should  be  able  to  weld  19  mm  HSLA-100  as  long  as  the 
difiiisible  hydrogen  is  well  below  8  ml/lOOg.  The  results  in  Figure  13  also  show  that  in  order 
to  weld  thick  section  materials  that  will  have  tioo,  of  two  minutes  or  lower  without  preheat  one 
will  need  to  require  both  a  low  CEN  and  low  Hd. 

1.4  SUMMARY 

It  was  demonstrated  that  spectral  analysis  of  hydrogen  in  the  welding  arc  is  a  viable  means  of 
predicting  hydrogen  in  the  weld  metal.  Results  indicate  that  the  use  of  relative  intensity  to 
predict  weldmetal  difiiisible  hydrogen  results  or  fluctuations  in  results  is  feasible.  The 


combination  of  a  spectragraphic  sensor  and  3-D  finite  element  ei, 

^uhs  toward  being  able  to  predict  weld  metal 

wthodic  chargmg  experiments  showed  that  the  difiusion  process  cm  be  seperated  fi-om  the 
co2*°?-  frequencies,  and  that  it  will  be  possible  to  vary  hydrogen 

“  ®i  ‘•e'^elopment  of  this  techniq^  wfil  allow 

w  w  manipulation  of  hydrogen  concentration  in  hydrogen  cracking  experiments  A 
wddabihty  methodolop.  was  described  which  is  under  development  mn^So^C 
developed  usmg  smgle-bead  and  multi-bead  crackinc  tests  Th..  ^Pth^T  i  -7 

che^^  and  diffiisible  hydrogen  content  as  inputs^Vpr  Ls^coo^^^^^^ 

^cracjciree;  weldmg  conditions  are  mamtamed  through  in-nrocess  mnmtrtrJnrT  -  a  *u 

development  ofpreheat-fi-ee  filler  metals.  gn  p  ss  momtonng  and  the 
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ABSTRACT 


o  cracking  in  steel  weldments  is  caused  by  the  presence  of  hydrogen  in  a  susceptible 
microstructme  in  association  with  a  high  stress  concentration  at  sites  such  as  sharp  undercuts 
or  root  angles.  As  the  strength  of  the  weld  increases  the  hydrogen  sensitivity  of  cold 
cracJung  also  mcreases.  fa  laboratory  tests  used  to  assess  cold  cracking  susceptibility  the  test 
method  itself  and  the  joint  design  can  influence  the  result  which  sometimes  can  be  very 
conservative.  Two  test  methods  were  used  in  the  present  work  to  study  the  weldability  of 
1''^°  steels:  9-10  mm  thick  plates  of  the  pipeline  grades  X70  and  X80;  and 

20-36  mm  thick  HSLA80  and  X80  plate  steels.  For  the  pipeline  steels  high  hydrogen  cellulosic 
electrodes  were  used  and  for  the  plate  steels  welding  tests  were  conducted  with  medium 
hydrogen  strength  matching  electrodes. 


An  attempt  was  made  to  elucidate  the  cause  of  cold  cracking  of  weldments.  The  study 
revealed  that  for  a  high  heat  input  the  joint  design  plays  a  significant  role  in  controlling  the 
crack  susceptibility.  However,  for  low  heat  input  welds,  microstructure  becomes  a  more 
domnant  influence  on  cracking.  Studies  of  fracture  morphology  revealed  that  for  high 
hydrogen  welds  crack  initiation  occurred  by  micro  void  coalescence  and  for  the  medium 
hydrogen  electrodes  crack  initiation  occurred  by  quasi-cleavage  or  intergranular  cracking. 


1.  INTRODUCTION 

Cold  cracking  fa  steel  weldments  is  considered  to  be  a  limiting  factor  for  high  productivity  in 
the  stnictural  industry.  One  of  the  main  conditions  for  cold  cracking  to  occur  is  the  presence 
of  hydrogen  in  a  susceptible  microstructure  [1].  fa  conventional  C-Mn  structural  steels  the 
presence  of  hydrogen  has  been  proved  to  be  very  critical  because  the  relatively  high  carbon 
contents  pro^te  the  formation  of  manensite  in  the  heat  affected  zone  (HAZ)  and  diluted 
weld  metal.  The  presence  of  hy^ogen  in  the  structure  reduces  the  cohesive  strength  121  and 
under  restramt  conditions  the  residual  stress  and  restraint  stress  are  relaxed  by  opening  cracks 
at  stress  concentrators.  The  reduction  of  hydrogen  in  the  weld  consumables  by  d^ing  or 
b^ng  is  essential  to  avoid  cold  cracking  fa  such  weldments.  However,  over  the  last  decade 
weldability  of  steels  have  been  markedly  improved  by  lowering  the  carbon 
microalloymgelernents.  As  a  result  HAZ  microstructures  are  less  susceptible  to 
the  effects  of  hydrogen.  This  improvement  in  steel  quality  has  focused  attention  on  the  weld 
metal  and  other  factors  which  influence  weld  metal  cracking.  These  include  the  weld 
consuiMble,  the  joint  design,  the  weld  bead  shape  and  location  and  restraint  intensity  of  the 
jomt.  This  pa^r  reports  the  results  of  weld  metal  cracking  tests  conducted  using  two 
different  tests:  fae  ngid  restraint  cracking  (RRC)  and  Tekken  cracking  tests,  for  various  joint 
conditions  with  the  mm  to  clarify  some  of  the  aspects  which  contribute  to  cracking  in 
weldments  oflow  carbon  steels.  •^**6“* 


2.  EXPERIMENTAL 

The  RRC  and  Tekken  cracking  tests  were  used  to  investigate  cracking  in  weldments  of  X70 
X80  and  HSLA80  steels  deposited  with  high  hydrogen  cellulosic  electrodes  and  medium 

hy^ogen  electrodes.  The  chemical  compositions  of  the  steels  and  the  consumables  are  given 
Table  1.  ® 


The  RRC  test  configuration  is  shown  fa  Fig.  1  and  this  test  program  was  conducted  by  BHP- 
FPD  The  pij^line  grade  steels  X70  and  X80.  10  mm  and  9  mm  thick  respectively,  were  used 
wifa  three  cellulosic  electrodes:  E6010,  E8010G  and  E9010.  For  X70  steel  the  E6010  and  E8010G 
cellulosic  electrodes  were  used  and  for  X80  all  three  electrodes  were  used,  fa  testing  of  the 

5  ^  f  ^  bevel  joints  were  used  and  the  heat  input  was  varied 

from  0.3  to  2.6  kJ/mm.  For  the  X80  steel  only  a  symmetric  Y  joint  with  a  2  min  root  face  was 


# 


used  and  the  heat  input  was  varied  from  0.5  to  0.8  kJ/mm  to  deposit  a  root  pass  weld.  During 
the  test  the  crack  initiation  time  was  monitored  using  strain  gauges  attached  to  the  test  rig. 


®  In  Ae  Tekken  cracking  test  an  oblique  Y  joint  was  used  in  which  the  root  was  located  at  the 

mid-thickness  of  the  plate,  see  Fig.  2.  The  HSLA80,  plate  25  and  36  mm  thick,  and  20  mm 
thick  X80  plate  were  used  for  investigating  weldment  cracking.  For  HSLA80  plate  the  strength 
matching  elecriodes,  E8018C3  and  E8018B2,  containing  a  medium  quantity  of  hydrogen,  were 
deposited  at  different  heat  inputs  ranging  from  1  to  2.5  kJ/mm;  and  for  X80  only  the  E8018B2 
electrode  was  deposited  for  heat  inputs  from  0.7  to  2  kJ/mm. 


3.  RESULTS  AND  DISCUSSION 


weld  deposition  the  test  blocks  were  left  for  24  hours  for  the  RRC  test  and  48  hours  for 
me  Tekken  test  and  then  the  test  blocks  were  sectioned  transverse  to  the  welding  direction 
mto  ten  pieces.  All  sections  were  poUshed  for  metallographic  examination.  Some  sections 
were  fractured  to  study  the  fracture  morphology  of  the  cold  cracks. 


3.1  Effect  of  Joint  Design  and  Restraint  Intensity 


3.1.1  RRC  Tests 


The  joint  design  for  weld  crack  testing  was  found  to  be  a  very  important  factor  in  assessing 
me  cracking  susceptibility  of  weldments.  The  joint  design  was  varied  for  X70  steel,  with  the 
in  uence  being  most  pronounced  at  high  heat  input.  The  incidence  of  cracking  in  the  X70 
steel  weld  with  E6010  and  E8010G  electrodes  is  shown  in  Figs.  3  and  4.  It  is  evident  from 
Fig.  3  that  at  a  heat  input  of  0.5  kJ/mm  both  tests  exhibited  cracking.  The  microstructures 
resulting  from  this  low  heat  input,  combined  with  stress  concentration  at  the  weld  root 
appeared  to  be  responsible  for  cracking.  However,  when  the  heat  input  was  increased  to  1.9 
kJ/mm  the  cracking  was  found  to  be  associated  with  joint  geometry.  The  weld  deposited 
using  a  single  bevel  jomt  was  more  susceptible  to  cracking  than  symmetric  Y  configuration 
evenataheatmputof2.4kJ/mm.  =  /  6 


For  X70  welds  with  the  E8010G  electrode  the  heat  input  was  varied  from  1.6  to  2.6  kJ/mm  It 
IS  evident  from  Fig.  4  that  the  symmetric  Y  joint  did  not  generate  any  cracking  for  the  heat 
mput  used  in  tiie  progrpi.  However,  the  single  bevel  joint  for  this  electrode  was  also  found 
to  induce  conditions  suitable  for  cracking  at  all  heat  inputs. 


Although  the  X70  steel  strip  was  only  10  mm  thick,  due  to  the  design  of  test  rig  the  restraint 
intensity,  Rf  for  the  RRC  test  is  estimated  to  be  64  GPa  [3].  This  restraint  should  lead  to  a 
general  stress  level  in  the  weld  beyond  the  yield  stress.  In  the  presence  of  stress 
concentrators  at  the  root  of  incompletely  penetrated  steel  weld  the  general  stress  level  would 
be  expected  to  exceed  the  yield  stress. 


The  incidence  of  cracking  in  RRC  tests  using  a  single  bevel  joint  for  X70  steel  welds  may  have 
been  the  result  of  a  high  stress  concentration  factor  for  the  single  bevel  joint  [4]  Stress 
concentration  factors  for  some  joints  are  given  in  Table  2.  The  local  stress  acting  at  a  site 
where  a  crack  can  initiate,  rather  than  the  mean  stress  acting  on  a  weld,  is  indicative  of  the 
incidence  of  cracking  [5].  The  local  stress  is  a  product  of  the  stress  concentration  factor  and 
mean  stress  which  is  predicted  from  the  restraint  intensity.  The  restraint  intensity  for  the  RRC 
test  has  been  expressed  [6]  by 
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where  E  is  the  modulus  of  elasticity,  h  the  thickness  of  the  plate  and  I  the  length  of  the  weld 
bead. 

For  given  values  of  h  and  I,  the  local  stress  in  the  weld  is  a  function  of  the  stress 
concentration  factor.  The  high  local  stress  concentration  associated  with  a  single  bevel  joint 
appeared  to  be  the  reason  for  cracking  found  in  the  weld  metal  at  high  heat  input. 

The  cracking  in  the  weld  metal  of  X80  steel  strip  from  the  RRC  test  initiated  from  the  root  of  a 
wagon  track  at  which  the  local  stress  was  estimated  to  well  beyond  yield  stress.  Although 
the  stress  concentration  factor  for  the  symmetric  Y  joint  used  for  the  RRC  testing  of  X80  was 
relatively  low,  (Table  2),  the  restraint  intensity  due  to  the  design  of  the  test  rig  was  already 
high  enough  (64  GPa)  to  cause  cracking  in  the  weld.  In  addition,  the  alloying  effect  from  Mo 
and  the  use  of  a  low  heat  input  resulted  in  a  microstructure  which  was  highly  susceptible  to 
cracking  (see  Section  3.3). 


3.1.2  Tekken  Tests 

In  the  Tel^en  cracking  tests  of  25  mm  HSLA80  plate  with  E8018C3  electrode  no  cracking  was 
observed  in  the  weld  at  a  heat  input  of  1 .0  kJ/mm.  However,  when  the  thickness  of  the  plate 
was  increased  to  36  mm,  the  weld  showed  cracWng  at  a  heat  input  of  1.5  kJ/mm,  which  was 
equivalent  to  1  kJ/mm  heat  input  on  25  mm  thick  plate  in  terms  of  to  cooling  rate.  As  the 
local  stress  is  a  product  of  stress  concentration  factor  and  restraint  stress,  the  greater 
thickness  of  HSLA80  plate  resulted  in  higher  restraint  intensity  which,  for  a  particular  joint 
and  weld  bead  size,  increases  the  local  stress.  In  the  Tekken  cracking  test  no  equation  has 
been  formulated  to  determine  the  magnitude  of  restraint  intensity.  If  Eq.  (1)  is  used  the  value 
of  Rf  for  25  mm  plate  is  estimated  to  about  50  GPa.  The  equation  for  Rf  (in  MPa)  used  in 
the  WIC  restraint  cracking  test  for  a  50  mm  long  weld  bead  is  [7] 

Rf  =  1600 h . (2) 

where  h  is  the  thickness  of  the  plate  in  mm.  For  25  mm  plate  R/  is  estimated  to  be  40  GPa. 
Whatever  equations  are  used  for  the  Tekken  cracking  test,  the  36  mm  plate  will  induce  higher 
restraint  intensity  than  the  25  mm  thick  plate.  Although  the  stress  concentration  factor  of  the 
joint  used  in  the  Tekken  cracking  test  is  slightly  lower  than  that  for  a  single  bevel  joint  (see 
Table  2)  the  increased  Rf  resulting  from  the  greater  plate  thickness  is  likely  to  have 
generated  a  higher  local  stress  which  initiated  cracking  in  the  weld. 


3.2  Crack  Initiation 

The  site  of  the  locd  stress  which  initiates  cracking  is  dependent  on  the  location  of  the  weld 
bead  on  the  test  strip  or  plate.  In  most  cases  the  cracking  in  the  RRC  tests  for  X70  steel  welds 
and  the  Tekken  tests  for  the  X80  and  HSLA80  plates  started  from  the  root  of  the  weld,  see 
Fig.  5.  The  Y  joint  design  of  the  RRC  test  piece  for  10  mm  X70  steel  was  such  that  the  root  of 
the  joint  was  at  the  mid-thickness  of  the  plate  and  the  weld  bead  was  formed  above  the  centre 
of  the  mid-thickness  which  tended  to  cause  bending.  After  weld  deposition  on  10  mm  thick 
X70  plate  the  bead  position  above  the  neutral  axis  causes  the  root  of  the  joint  to  undergo  a 
tensile  residual  stress  and  the  surface  to  develop  a  compressive  stress,  see  Fig.  6a.  The 
tensile  residual  stress  at  the  weld  root  causes  root  cracking  during  the  test  [8].  For  a  high 
heat  input,  the  weld  bead  filled  the  vee  portion  of  the  joint  completely  (Fig.  5a)  and  resulted 
in  a  tensile  residual  stress  at  the  root.  A  similar  condition  existed  in  the  Tekken  cracking  test 
with  the  exception  that  the  weld  bead  was  approximately  located  at  the  neutral  axis  as  in 
Fig.  6b.  Due  to  the  use  of  thicker  plate  in  the  Tekken  cracidng  test  the  cross  sectional  area  of 
the  weld  bead  was  relatively  low.  As  the  weld  bead  was  located  near  the  neutral  axis  the 


the  root  of  the  weld,  the  local  stress  at  the  root  was  high  enough  to  cause  cracking  in  the 
weld.  However,  the  high  incidence  of  cracking  for  the  E80I8n2  electrode  in  the  Tekken 
cracking  test  was  due  to  the  development  of  a  susceptible  weld  metal  microstructurc 
(Section  3.3). 


In  the  RRC  tests  on  9  mm  thick  X80  steel  plate,  cracking  started  from  the  root  of  one  of  the 
wagon  tracks,  see  Fig.  7.  The  root  face  of  the  joint  for  X80  strip  was  only  2  mm  high  and  the 
weld  resulted  in  full  penetration  of  the  root  face.  In  this  situation  the  root  of  the  weld  was  in 
compression  and  weld  surface  was  in  tension.  Fig.  6c.  The  weld  bead  exhibited  quite 
extensive  wagon  tracks  on  the  weld  surface  which  provided  undercuts.  The  tensile  residual 
stress  at  the  undercuts  of  the  wagon  tracks  caused  cracking  in  the  weld  metal.  In  addition,  a 
low  heat  input  resulted  in  a  .small  weld  metal  cro.ss  section,  increasing  the  mean  stress  on  the 
weld  bead. 


3.3  Susceptible  Microstructures  and  Metallurgical  Effects 

Cold  cracking  by  hydrogen  is  facilitated  by  the  presence  of  a  susceptible  microstructure 
which  is  typically  martensitic  or  bainitic  or  a  combination  of  these  two  constituents.  The 
hardness  of  these  microslructures  even  in  low  carbon  steels  is  typically  higher  than  300  HV. 
Such  hard  microstructures  have  a  low  tolerance  for  hydrogen  and  cracking  is  likely  to  occur. 
Below  a  certain  level  of  heat  input  the  role  of  microstructure  in  contributing  to  cracking 
appeared  to  become  dominant  for  the  Tekken  cracking  tests  with  the  E80I8U2  electrode.  The 
microstructure  of  the  weld  metal  was  found  to  contain  a  high  proportion  of  bainite  and  some 
martensite.  Fig.  8.  The  presence  of  Mo  in  the  E8018B2  electrode  increased  the  hardenability 
by  suppressing  the  nucleation  of  ferrite  along  grain  boundaries.  This  effect  was  found  to  be 
more  pronounced  when  X80  plate,  which  also  contains  Mo,  was  u.sed  with  the  E8018B2 
elecrtode  in  the  Tekken  cracking  test.  Increased  Mo  can  be  present  in  the  weld  metal  of  X80 
plate  due  to  a  dilution  effect  which  can  be  as  high  as  40%.  [9].  The  high  hardness  value  of 
weld  metal  deposited  from  E80I8B2  electrodes  supports  this  view,  .see  Fig.  9.  In  addition,  low 
heat  input  results  in  a  smaller  weld  bead  which  significantly  reduces  the  weld  cross  sectional 
area  for  sustaining  the  reaction  stress.  The  hardness  of  the  weld  metal  deposited  from 
E80I8C3  at  1  kJ/mm  heat  input  was  aKso  found  to  be  relatively  high,  .see  Fig.  10,  but  the  lack 
of  cracking  in  the  weld  metal  suggests  that  high  hardness  can  not  be  u.sed  as  a  reliable 
indicative  tool  for  crack  prediction.  Despite  the  high  hardnc.ss  value  the  microstructure 
consisted  of  fine  acicular  type  ferrite,  .see  Fig.  1 1 . 

A  similiu-  heal  input  effect  was  ob.served  in  RRC  tests  of  X70  steel  plate  which  showed  a  lower 
susceptibility  to  cracking  with  increasing  heat  input.  However,  the  weld  metal 
microstructures  were  not  highly  susceptible,  in  conventional  terms.  In  the  RRC  tests  the 
microstructurc  for  a  low  heat  input  generally  consisted  of  fine  acicular  ferrite,  see  Fig.  12  and 
the  hardness  values  in  Fig.  13  do  not  suggest  that  the  weld  metal  structure  should  be  highly 
susceptible  to  cracking.  However,  cracking  was  observed  to  originate  from  the  root  of  single 
bevel  joints.  For  X8()  steel  plate  the  weld  metal  from  electrodes  other  than  E9010  showed  a 
hardness  below  300  HV,  see  Fig.  14.  Despite  the  lower  hardness,  cracking  occurred  in  the 
weld  metal  which  mainly  consisted  of  fine  acicular  ferrite.  Fig.  15.  This  observation 
suggests  that  the  susceptibility  of  the  microstructurc  to  cold  cracking  can  not  be  predicted 
from  hardness  and  is  dependent  mainly  on  the  amount  of  hydrogen  at  the  site  of  stress 
concentration  and  the  restraint  intensity.  The  presence  of  high  solute  hydrogen  in  the  fine 
acicular  ferrite,  in  combination  with  high  local  stresses  resulting  from  the  highly  restrained 
joint,  facilitated  crack  initiation  at  the  sharp  root  angle. 


When  heat  input  was  increased  in  RRC  tests  of  X70  steel  plate  the  microstructurc  mainly 
consisted  of  coarse  acicular  ferrite  and  veins  of  grain  boundary  ferrite  with  Widmanstatten 
side  plates,  sec  Fig.  16.  The  hardness  traverse,  Fig.  17,  revealed  that  the  weld  hardness  was 
well  below  300  HV  which  implies  that  the  susceptibility  of  the  microstructurc  to  cracking  is 


relatively  lo^ UndeT^hweSu^t^ces  *he  microstructure  to  cracking  is 

bevel  joints  was  due  to  the  high  restraint  intpn^  f  cracking  in  the  weld  metal  of  single 
high  siess  concentUV?actofat^^^^^^^^^^^  ^^e  test  rig  and  fhe 

3.4  Fracture  Morphologies 

transgranular  oMntlrgJ^uliS-^deplSg  on^fhe  col^^  ^*1?* 

crack  morphology  was  found  to  be  denendent  nn  th^  h  a  direction.  However,  the 
hydrogen  welds  of  the  Tekken  cracking  test  crack  medium 

intergranular  fracture  with  little  sign  of  nla«’tir  HAf  of  cleavage  and 

mentioned  that  the  stress  intensity  fs  reMvelv  smdrS-'lh^T'tt^'®'  **',?'  *■“  already  been 
this  lower  stress  intensity  and  the  reTSv^^Stl^^™  ^  “<i,  due  to 

ahead  of  a  sharp  root  mtde  is  likely  >ote^  concentraUon,  the  plastic  zone 
intergranular  fracture.  However  the  mnmhninr»^^f  i  ^  resulting  in  quasi-cleavage  or 
high  hydrogen  welds  in  the  RRC ’tests  waTfounFto  be^tn\^he  fo  mhiation  site  in  the 

see  Fig.  19.  High  hydrogen  reduce  t^yir^^^^^  coalescence, 

undercuts  or  wagon  tracks  gives  rise  to  a  lartt  i Li  ^  intensity  at  the 

coalescence  in  the  crack  initiation  area  A«  thl^rLE  causes  microvoid 

stress  intensity  is  reduced  aTvdwhi^  ieeolff some  hydrogen  is  lost  and  the 
fracture.  becomes  appropriate  for  cracking  by  cleavage 


4.  CONCLUSIONS 


^?.oThf Of  x,o. 

The  specific  conclusions  are  summarised  as  follows: 


X80  and  HSLA80  steels 


inputs  in  RRC  teste  o°X70.'^^  promote  cold  cracking  at  relatively  high  heat 

S  .es.  w.  found 


The  general  conclusions  of  the  investigation  are  summarised  as  follows: 


resS&““*  °f  ™>™c.ure  appeared  .o  be  more  imponau, 


coalescence  for  high  hyd'^e  °  wdd^me?al*MTau'^'  “icrovoid 

hydrogen  weld  metal.  ^  quasi-cleavage  for  relatively  low 


determin^aS  oIslwpMtyL^hy^^^^^  ^  ^  predictive  tool  for 
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Table  1:  Chemical  compositions  (wt%)  of  the  X70,  X80  and 
consumables. 


HSLA80  steels  and  their  weld 


Steel  C  Mn  Si  Ni  Cr  Mo  Cu  TT 

_ X80 _ 0.07  1,62  0,33  0,028  0.03  0.22  0.01  0.031 

_ X70  0.08  1.41  0.10  0.023  0.018  0,004  0,008  0.028 

E6010‘  0.11  1.13  0,23  0.022  0.19  0.115  0.01  0.015 

HSLA80  0.06  1.40  0.25  0.85  0.02  -  1,10 

E8018C3  0.05  1.10  0.40  1,00  - 

E8018B2^  0.07  0.80  0.30  -  1.20  0.50  I  T” 


Ti 

0.013 

0.011 

0.021 

0.013 


Nb 

0.058 

0.042 

0.026 

0.020 


1:  Actual  diluted  weld  metal  on  X80;  2;  Supplier's  analysis  of  the  consumable  (undiluted). 


V 

0.003 

0.052 

0.003 


Table  2:  Stress  concentration  factor,  Kt  at  the  root  of  weld  of  basic  joint  geometry  [4]. 


X70/E6010 


0  12  3 

Number  of  Test 


Figure  3;  RRC  test  matrix  for  X70  and  E6010 
electrodes.  U:  uncracked;  C:  cracked;  Y; 
symmetric  Y  joint;  S:  single  bevel  joint. 


X70/E8010G 


0  12  3 


Number  of  Test 

Figure  4:  rrc  test  matrix  for  X70  and 
E8010G  electrodes.  U:  uncracked;  C:  cracked; 
Y.  symmetric  Y  joint;  S:  single  bevel  joint. 


Figure  5:  Cross  sectional  views  of  weld  observed  from  a)  single  bevel  rrc  tea  anH  hi 
oblique  Y  Tekken  test.  Note  that  the  crack  in  both  joints  initiated  from  the  root  of  the  weld^ 
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Figure  6;  Residual  stress  across  weld  throat 
in  flat  test  specimens  with  different  grooves 
and  in  pipe  girth  [7], 


Figure  7:  Cross  sectional  view  of  rrc  weld 
specimen.  Note  that  the  crack  in  this  joint 
geometry  initiated  from  the  root  of  the 
wagon  track. 
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HSLA80 


^  360 


E8018B2  - 


Figure  8:  Typical  microstructure  of  HSLA80 
weld  metal  deposited  in  Tekken  cracking  test 
using  E8018B2  at  1.0  kJ/mm  heat  input. 
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Figure  9:  Hardness  traverse  of  weldment 
deposited  in  Tekken  cracking  test  at  1 
kJ/mm  heat  input.  Filled  symbols:  weld 
metal  (left)  &  base  metal  (right). 


HSLA80 


360 
320  7 


E8018C3 


I  320  t 

f  260  f 
i  E 

■p  240  h 


2.0  4.0  6.0  8.0 

Position  in  Weld,  mm 


Figure  10:  Hardness  traverse  of  weldment 
deposited  in  Tekken  cracking  test  at  1 
kJ/mm  heat  input.  Filled  symbols:  weld 
metal  (left)  &  base  metal  (right). 


Figure  11:  Typical  microstructure  of 
HSLA80  weld  metal  deposited  in  Tekken 
cracking  test  using  E80I8C3  at  1  kJ/mm  heat 
input. 
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Figure  12:  Typical  microstructure  of  X70  Figure  13-  Hardness  mversp  nf 

P  input.  Filled  symbols:  weld  metal  (left)  & 

base  metal  (right). 
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X80  Welds 
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—  E9010 
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Figuie  14.  Hardness  traverses  of  low  heat 
input  (<  0.6  kJ/mm)  w'eldments  deposited  in 
RRC  test.  Filled  symbols;  weld  metal  (left) 
&  base  metal  (right). 


Figure  15;  Typical  microstructure  of  XS() 
weld  metal  deposited  in  RRC  test  usins  E60l() 
at  1  kJ/mm  heat  input. 
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Figure  16;  Typical  microstructure  of  .x^o 
weld  metal  deposited  in  rrc  test  usin^ 
ESOiOG  at  2.4  kJ/mm  heat  input. 
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Figure  17;  Hardness  traverse  of  weldment 
deposited  m  RRC  test  at  2.4  kJ/mm  heat 
input.  Filled  symbols;  weld  metal  deft)  & 
ba.se  metal  (rieht). 
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Figure  18;  Crack  initiation  area  for  medium  Fiaure  19-  Crack  initi-ir.v, 
hydrogen  electrode  (ES()isb2).  hydrogen  electrode  (eS 
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INlRODUCnON 


I  •  induced  cracking  failures  have  been  a  particular  problem  in  those  anolications 

mvolvmg  hi^  strength  matenals  in  aggressive  service  environments,  including  armanSJit  applications. 

n  y,  a  1.7  m  Icmg  crack  was  found  at  an  outside  diameter  key  way  of  a  gun  tube.  An 
mv^ti^tion  conned  that  hydrogen  stress  cracking  occurred  at  a  location  of  tensile  residual  stress 
temg  exposed  to  an  aggressive  electropolish  solution  [1].  Also,  higher  energy  propellants  have 
b^hourt  to  mcre^e  the  risk  of  hydrogen  damage  to  bore  boatings  liSi^,  a^X  SSS 
substate  [2].  In ^tion,  Troiano  et  al.  [3]  have  concluded  that  prLture  ^  fir^ 
were  likely  caused  by  tte  hydrogen  rich  by-products  of  the  combustion  env^nem 

In  this  woric,  a  fixture  mechanics  approach  was  used  to  measure  the  hydrogen  induced  crack 

leve  s.  The  effete  of  refinement  were  also  examined  for  one  of  the  steels  tested  The  constam 
^lac^nt  bolt-l(^e^mpact  sample  (Figure  1),  henceforth  referred  to  as  the  bolt-loaded  sample 

quantitative  infoimation  on  the  crack  growth  ratfda/dt  ’ 
which  n  ^  str^s  intensity  (K,hic)  in  a  simple  test.  K,„,c  is  the  threshold  stress  intensity  under 
kSI  ^  ^  ®  hydrogen  environment.  As  a  crack  grows  in  a 

-lo^ed  specirnen,  tte  load,  and  therefore  the  stress  intensity,  decreases  until  KiHir  is  reached  This 

test  IS  flindamen^ly  different  from  constant  load  tests,  where  K,„,c  is  found  by  tSting  several 
Kf  “  vano.Birat.al  areas  intensities  until  no  cracking  oSs.  One  di^vantaS  te  bolt- 
OTdcd  pecinien  is  that  long  tea  times  (up  to  10,000  houis)  may  be  necessaiy  when  teting  insensitive 
maters,  non-a^ive  environments,  and  when  teaing  at  low  initial  stiSintensities  mTSem 

^1  aU  ZL  “  =  high  initial  soess  intensity  leveU^hing 

mM  rad  m  det^rang  the  matenal  susceptibility  and  the  initial  applied  stress  intSsity  levIsX 
subsequent  t«&  is  cunmtiy  no  recognized  standardization  of  the  bolt-loaded  ^imen- 

™  committee  is  engaged  in  incorporaing  a  bolt-loaded  compact  specten  standard 
with  the  recently  adopted  ASTM  standard  E  1681-95  on  mvimnment-assisted  cracM^ 

MATERIALS  AND  EIWmONMENTS 

MATERIALS 


with  ^  in  this  investigation  consisted  of  martensitic  and  austenitic  forged  alloys 

with  yield  strengtihs  rangmg  from  760  MPa-1400  MPa.  The  martensitic  alloys  used  have  I  body 
^er  ciAic  (BCC)  crystal  shricture  and  the  austenitic  materials  have  a  face  Entered  cubic  (FCC) 

materials  mvestigated  were  A723.  Maraging  200,  and  PH  13-8  Mo  st^ls.  Alloy 
PH  HR  mckel-rton^e  albys,  and  A286  iron-nickel  base  alloy.  A723,  Maraging  200,  and 

PH  13-8  Mo  we  choseri  for  their  high  strength  and  toughness  properties  (in  air).  Alloys  718  and  706 
were  chosen  for  their  high  strength,  ciystal  structure,  and  hydrogen  induced  cracking  resistance  (as 
co^  to  the  tc«cd)  [4,  5).  A286  was  chosen  for  its  «I1  known  resistaraS^hX? 
listSIn  T^bl^f  ^  pertinent  mechanical/material  properties  for  the  tested  materials^are 

A221  IS  a  Ni-(:r-Mo  quenched  and  tempered  (Q&T)  steel.  Both  A723  Grade  1  and  Grade  2 
^m^sitioi^  wre  evaluated  to  determine  the  effects  of  strength,  composition,  and  refinement  on  da/dt 
~  A723  Grade  1  matenal  was  electric  furnace  melted  and  vacuum  degassed  (EFM-VD)  Two 

diff^ent  refinement  i^bo^  of  A723  Grade  2  material  were  examined,  electric  furnace  melted  and 
too-slag  remelted  (™-ESR)  ^terial  and  vacuum  induction  melted  and  vacuum  arc  remelted 
(W-VAR)  rmtenal  Both  the  ESR  and  VIM-VAR  refinement  methods  increase  the  homogeneity  of 
the  microstructure  and  reduce  the  amount  of  sulfur  (S)  and  phosphorus  (P)  present  as  comj^eTto 


bolt 


crack-mouth-opening- 
displacement  gage 


machined  notch 


1 1  '  I  /  fatigue  precrack 


FIG.  1  -  Schematic  of  the  bolt-loaded  test  specimen 


the  EFM-VD  conditioa  The  levels  of  S  and  P  in  the  Grade  1,  Grade  2  (ESR),  and  Grade  2  (VIM- 
VAR)  steels  vwre  0.005/0.006,  0.002/0.005,  and  0.0007/0.005,  respectively.  Additionally,  the  Grade  2 
material  contains  slightly  more  Ni  to  improve  fracture  toughness.  Maraping  700  is  a  18Co-8Ni  steel 
which  was  conventionally  austenitized  and  aged.  PH  13-8  Mo  is  a  13Cr-8Ni-2Mo  precipitation 
hardening  stainless  steel  which  was  heat  treated  to  two  standard  overaged  conditions.  Allnv718  is  a 
52Ni-19Cr-19  Fe  superalloy  which  was  tested  in  the  direct  aged  condition  for  maximum  strength  and  a 
standard  heat  treatment  condition  for  maximum  ductility  and  impact  strength  [8].  Alloy  706  is  a 


TABLE  1  -  Mechanicoi/maerid property  irformaion  on  the  materials  tested 


IVbterial 


A723  Grade  1 
A723  Grade  2  (ESR) 

A723  Grade  2  (ESR) 

A723  Grade  2  (VIM-VAR) 

Maraging  200 

PH  13-8  Mo 

PH  13-8  Mo 

Alloy  718  (Direct  Aged) 

Alloy  718 

Alloy  706 


Yield  Stiei^lth 
(MPla) 


Fhacture 

Toi^hness 

(MPa\/m) 


Oystal  Stnicture 
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slIS^  '“  n^mize  ductility  and  impact 

T  ^  .  Fe-25Nt-15Cr  supetalloy  ««ch  ™s  tested  in  a  standaid  heat  trea^nt 
conditioa  Table  2  lists  the  vanous  heat  treatments  of  the  materials  tested. 

ENVmONMRSn^ 


All  tests  were  conducted  in  either  electrochemical  cells  or  in  concentrated  acid  solutions 
the  reception  of  A723  Grade  1  (1160  MPa  YS)  and  Grade  2  (1130  ^  YS)  and 
which  ^^re  test^  m  bodt  environments.  All  tests  conducted  at  arnbSJ^ramrl^ 

a  ^  w  ®lech-o^mica  cell  tests  were  conducted  using  a  platinum  anode  and  specimen  cathode  in 
a  3.5%  aq^i^  NaCl  solutioa  As,03  was  used  as  a  "poisSn"  to  limit  the  conSS 
ydro^  to  the  ^atomic  gas  [10].  All  electrochemical  cell  test  specimens  were  pre-chareed  at  a 
CM  <taty  of  40  for  ei^  houm  prior  to  load  applicata.  A  cument  dciS  rf40 

nWcm  was  ^  appW  dmng  testing  This  current  density  was  maintained  at  a  constant  value 
usmg  a  ct^t  controlling  power  source  and  by  keeping  the  exposed  surto  a^  offe^m^ 
constant  throughout  the  test.  Ibe  NaCI  solutici  volSrofwas  S°|S  taTrr^o 

ensure  a  «  currM  density  and  replaced  weekly  to  ensure  a  constant  ASvoir  cMsSf 
All  acid  erelong  tests  were  conducted  in  a  concentrated  50%  sulfuric  acid  and  50% 
phosphoric  acid  solution  (by  volume).  This  solution  is  identical  to  that  used  in  previous  tests  [1], 

TEST  PROCEDURE 


anH  oil  *^**’^oaded  test  s^imens  were  taken  in  the  C-R  orientation  as  described  in  ASTM  E  399 

Wei  iii^Nov'SkTl  n  .Sill  irterlatoratory  guidelines  on  the  bolt-loaded  specimen  from  ’ 
wei^d  Novak  [1 4  All  tests  were  conducted  m  acid  or  in  an  electrochemical  ceil  asdescribed  in  the 
precedmg  sectioa  The  A723  steels  tested  in  acid  were  tested  in  triplicate  for  each  test  condition.  All 


TABLE  2  -  Hea  Treatments  of  Meterids  Tested 


Materials 

Heat  Treatment 

• 

A723  Grade  1  @  1 160  MPa  YS 

843“C  1  hour  Water  Quench,  Temper  582®C  4  hours  Air  Cool 

A723  Grade  2  @  1 130  MPa  YS 

843°C  1  hour  Water  Quench,  Temper  627“C  4  hours  Air  Cool 

A723  Grade  2  @  1275  MPa  YS 

843°C  1  hour  Water  Quench,  Temper  524'’C  4  hours  Air  Cool 

PH  13-8  Mo  @  1275  MPa  YS 

927»C  1/2  hour  air  cool.  Refrigerate  -73'>C,  2  hours  Air  Warm 

Age  556®C  4  hours  Air  Cbol 

• 

PH  13-8  Mo  @  1035  MPa  YS 

927“C  1/2  hour  air  cool,  Refrigerate  -73‘’C,  2  hours  Air  Waim 

Age  579°C  4  hours  Air  Cool 

Maraging  200 

816‘>C  1  hour  Water  Quench,  Age  482®C  3  hours  Air  Cool 

• 

Alloy  718  Direct  Aged 

718‘’C  8  hours  Furnace  Cool  to  621  °C  18  hours  Air  Cool 

Alloy  718 

1038“C  1/3  hour  Air  Cool,  Age  760°C  1 1  hours  Furnace  Cool 
to  649‘’C  9  hours  Air  Cool 

Alloy  706 

982‘’C  1  hour  Air  Cool,  Age  718°C  8  hours  Furnace  Cool 

A 

38'’C/liour  to  621®C  8  hours  Air  Cool 

w 

A286 

8I6°C  1  hour  Water  Quench,  Age  7I8»C  16  hours  Air  Cool 
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tolt-load^  specimens  were  tested  at  an  initial  stress  intensity  of  55  MPa^/rn  with  the  exception  of  one 
i^loy  706  specimen  which  was  tested  at  1 10  MPav/m  The  low  stress  intensities  of  55  MPa/m  were 
chosen  from  previous  e^q^erience  in  order  to  avoid  the  problem  of  a  deep  crack  growing  too  near  to 
the  back  edge  of  the  specimea  The  stress  intensity  in  the  bolt-loaded  sample  is  related  to  the  mouth 
opening  through  the  following  relationship  [1]: 


^appUed=f(3/W)Ev(l-a/W)^/^  / 


f  (3/ W)  =0. 654-1.  SB  {a/ W)  *2. 66  la/ W) '‘-1.233  la/ W)^ 


v^re  vis  mouth  opening  and  E is  Young's  Modulus.  This  K  e)g>ression  is  valid  for  0.3  <  aAV  ^  1 
For  the^id  cracking  tests  the  acid  was  introduced  to  the  crack  tip  prior  to  load  application  in  order  to 
e)qx)se  fresh  surfaces  produced  by  the  subsequent  loading.  The  crack  extension  of  the  specimens  was 
^nitored  optically  on  both  sides  of  the  specimen  on  a  regular  basis  in  order  to  determine  as  a 
function  of  time  and  to  obtain  da/dt  information.  The  mouth  opening  of  the  test  specimen  and  the 
Mlution  pH  were  checked  frequently  to  ensure  no  relaxation  or  solution  contamination,  respectively 
Ihe  duration  of  the  tests  depended  on  the  material  tested  and  its  yield  strength.  Typically,  tests  were 
conducted  for  durations  ranging  from  1500-6000  hours.  After  test  termination  the  final  crack  length 
was  meas^  to  determine  if  the  tcsl  conformed  to  plain  strain  test  conditions  and  the  fracture  surface 
^  exammed  visually  and  by  scanning  electron  microscopy  to  determine  the  fracture  morphology 
From  previous  ejgierience  it  was  believed  that  all  materials  would  easily  conform  to  plane  strain 
conditions  because  of  low  hydrogen  induced  cracking  threshold  values. 

RESULTS  AND  DISCUSSION 

In  general,  all  of  the  body  center  cubic  materials  tested  exhibited  similar  cracking 
characteristics.  Both  da/dt  and  I^hic  information  were  similar,  though  both  the  PH  13-8  Mo  materials 

rates  and  slightly  higher  K,„,c  than  the  average  BCC  materials  tested, 
mth  me  face  centered  cubic  materials  tested,  the  crack  growth  rate  was  lower  than  with  the  BCC 
materials.  This  was  expected  in  part  because  difflisivity  of  hydrogen  through  an  open  cell  BCC 
structure  is  higher  than  through  a  closed  cell  FCC  structure.  In  the  technical  literature,  crack  growth 
rates  have  been  shown  to  be  orders  of  magnitude  less  in  FCC  structures  than  in  BCC  structures  e  s 
Ritchie  et  al.  [12].  ’ 

In  the  following  sections,  discussion  of  the  results  from  the  various  materials  is  given.  Table  3 
shows  a  summary  of  the  results  of  the  hydrogen  induced  cracking  tests  conducted  on  all  materials. 

A723  Steel 

The  hydrogen  induced  cracking  tests  conducted  on  A723  steels  in  acid  environments  showed 
dramatic  results  wfren  plotted  as  applied  stress  intensity  versus  time  (Figure  2).  Figure  2  shows  the 
trend  of  the  data,  illustrating  the  incubation  time,  subsequent  crack  growth,  and  threshold.  Though  the 
Grade  1  and  Grade  2  materials  were  tested  at  about  the  same  yield  strength  level  (1 160  and  1130 
MPa,  respectively),  the  incubation  time  required  to  promote  a  growing  crack  increased  from 
approximately  from  200  hours  to  over  2000  hours.  Additionally,  when  the  yield  strength  of  the  Grade 
2  material  was  increased  13%  from  1 130  MPa  to  1275  MPa,  the  incubation  time  decreased  over  two 
orders  of  magnitude  from  over  2000  hours  to  less  than  12  hours.  After  the  incubation  time  was 
exceeded,  the  crack  grew  steadily  until  K„|,c  was  reached.  Incubation  time  has  been  observed  to 
decrease  with  an  increase  in  strength  or  applied  stress,  for  example  as  cited  by  Steigerwald  et  al.  [13] 
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Jones  [14].  However,  both  the  strength  and  applied  stress  intensity  levels  were  nearly  identical  in 
the  lower  yield  strength  Grade  1  and  Grade  2  materials  tested.  This  suggests  that  the  local  crack  tip 
chemistry  may  have  been  the  controlling  factor.  Therefore,  the  longer  incubation  time  of  the  lower 
strength  Grade  2  material  may  be  attributed  to  the  refinement  and  increased  Ni  content  as  compared  to 
the  Grade  1  material. 

The  crack  growth  rates  of  the  A723  steels  conducted  in  acid  are  shown  in  Figure  3.  A  five 
point  moving  average  was  used  to  analyze  the  data.  This  curve  shows  the  stage  I  and  a  portion  of  the 
sta^  n  crack  growth  regimes.  For  the  lower  strength  Grade  1  and  Grade  2  steels,  da/dt  in  the  stage  H 
reginK  appeared  to  be  constant  at  approximately  la^  mnVs,  the  same  as  that  found  by  Underwood  et 
m.  [Ij.  The  constant  da/dt  data  in  the  stage  n  regjnie  for  the  lower  strength  steels  were  independent  of 
K  ^d  solely  a  result  of  diffusion  controlled  crack  growth.  For  the  higher  strength  Grade  2  steel, 
d^t  m  the  stage  n  regime  was  approximately  an  order  of  magnitude  higher  (KT*  mm/s).  Note  the 
wide  scatter  in  both  of  the  lower  strength  steels  at  the  initial  applied  stress  intensity  of  55  MPav/m 
This  scatter  occurred  during  the  incubation  period  when  little  or  no  crack  growth  was  observed.  After 
incubation  the  crack  grew  significantly  and  the  scatter  was  eliminated. 

The  average  for  the  lower  strength  Grade  1  and  Grade  2  steels  was  approximately  16 
MPa\/m.  The  average  for  the  higher  strength  ESR  and  VIM- VAR  processed  Grade  2  materials 
was  approximately  10  and  11  MPaym,  respectively. 

The  electrochemical  cell  tests  on  the  lower  strength  Grade  1  and  Grade  2  steels  exhibited 
mcubation  times  of  approximately  325  and  450  hours,  respectively,  then  cracked  rapidly  and  reached 
levels  of  approximately  10  and  16  MPav/m,  respectively.  Figure  4  shows  the  applied  stress 
intensity  as  a  function  of  exposure  time  for  all  materials  tested  in  the  electrochemical  cell  tests. 


10  20  30  40 
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FIG.  3  -  Cnxk  growth  rate  versm  qpplied  K  for  A  723  steel  exposed  to  a  50%  sulfuric  -  50% 
phosphoric  acid  solution. 
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FJG.  5  -  Crack  growth  rde  versus  q)pUed  K  for  high  strength  steels  and  nickel-iron  base  alloys 
tested  in  an  electrochemicd  cell. 


"tied  up"  as  manganese  sulfide  stringers  in  A723  steels  and  the  P  content  remained  essentially 
constant,  there  is  no  direct  correlation  ^^4llch  can  be  made  here  on  the  effects  of  these  impurities  on 
incubation  time,  da/dt,  or  K,hic.  Previous  studies  have  shown  no  strong  effect  of  impurities  on 
hydrogen  induced  cracking  of  high  strength  steels  with  yield  strengths  greater  than  1250  MPa  [15], 

PH  13-8  Mo 

The  PH  13-8  Mo  material  tested  in  the  1275  MPa  yield  strength  condition  resulted  in  a  K,H,cOf 
approximately  17  MPav'm.  The  material  tested  at  a  lower  yield  strength  level  of  1035  MPa  resulted  in 
a  Koflc  of  approximately  19  MPa\/m.  It  was  surprising  that  the  lower  yield  strength  condition  did  not 
provide  an  improved  K,hic-  More  dramatic  results  may  have  been  evident  if  the  PH  13-8  Mo  material 
was  tested  in  a  peak  aged  and  an  overaged  condition  rather  than  two  overaged  conditions,  since  the 
mechanical  properties  from  a  highly  overaged  condition  result  in  lower  strength  but  also  lower 
toughness  due  to  precipitate  incoherency.  Fracture  toughness  tests  by  Young  et  al.  [16]  on  H  charged 
PH  13-8  Mo  specimens  at  a  yield  strength  level  of  1275  MPa  showed  results  similar  to  those  obtained 
in  these  tests. 

Maraging  200 

The  Maraging  200  material  tested  in  the  electrochemical  cell  exhibited  a  K,h,c  value  of 
approximately  13  MPa/m. 


The  Alloy  718  material  tested  in  the  direct  aged  condition  exhibited  no  distinctive  incubation 
time.  As  in  Figure  4,  the  crack  grew  much  slower  and  did  not  exhibit  any  gross  crack  advances 
as  with  the  BCC  materials,  an  advantage  attributed  to  the  lower  difflisivity  of  H  through  the  FCC 
ci^l^ture.  However.  K,H,cfor  the  direct  aged  Alloy  718  specimen  was  similar  or  less  than  that 
ot  the  BCC  matenals  tested.  The  lower  than  expected  yield  strength  and  low  K,h,c  values  are  believed 
to  be  attnbuted  to  an  undesirable  S  phase  present  at  the  grain  boundaries  [17],  Figure  7a  shows  the 
surface  in  the  cracked  portion  of  the  Alloy  718  material  tested  in  the  direct  aged  condition 
Ihe  ^ture  spface  is  entirely  intergranular  in  nature  with  evidence  of  the  second  phase  present  at  the 
^^in  boundaries.  Figure  7b  shows  the  fracture  surface  of  the  ruptured  remaining  ligament.  The 
nacture  morphology  is  brittle,  containing  both  quasi-cleava^  and  intergranular  fracture. 

The  Alloy  718  material  heat  treated  to  provide  maximum  ductility  and  impact  strength 
e^bitedm  appreciable  asking  after  5000  hours  of  exposure.  Thou^  the  test  is  ongoing,  the 
of  Alloy  718  m  this  condition  could  be  as  high  as  42  MPa/m  based  on  environmental  fracture  tests 
conducted  by  Walter  and  Chandler  [4]. 

AUoy7Q6 

After  over  3000  hours  in  acid  and  5000  hours  in  the  electrochemical  cell,  no  appreciable 
cracking  has  been  oteerved  in  the  Alloy  706  specimens  at  both  the  55  MPav^m  and  1 10  MPa/m  initial 
appli^  stress  intensity  levels.  For  example,  after  5000  hours  of  exposure  in  the  electrochemical  cell  at 
an  initial  applied  stress  intensity  of  1 10  MPav/m  the  current  applied  stress  intensity  is  90  MPa^m  which 
com^i^  to  crack  growth  of  only  approximately  3.7  mm.  It  is  believed  that  the  K,h,c  of  Alloy  706 
vwll  be  higher  than  that  of  Alloy  718  because  slow  strain  rate  notched  tensile  tests  conducted  on  both 
allo^  [18]  showed  a  hi^er  notched  tensile  strength  ratio  for  Alloy  706  than  for  Alloy  718.  The  slow 
strain  rate  notched  tensile  tests  were  conducted  on  specimens  which  were  hydrogen  chared  and 
conpar^  to  control  specimens  tested  in  laboratory  air.  The  notched  tensile  strength  ratio  of  the  Alloy 
706  specimens  were  0.91  as  compared  to  0.84  for  the  Alloy  718  specimens.  High  pressure  hydrogen 
notched  tensile  tests  also  showed  a  higher  ratio  for  Alloy  706  than  for  Alloy  718  [4]. 

A2M 

After  over  2300  hours  in  the  electrochemical  cell,  no  visible  cracking  has  occurred  with  the 
A286  material.  The  K,h,c  is  expected  to  be  higher  than  that  of  Alloys  718  and  706  because  slow 
strain  rate  notched  tensile  tests  conducted  [18]  show  a  ratio  of  0.98  for  A286  as  compared  0.84  and 
0.91,  respectively.  High  pressure  hydrogen  notched  tensile  tests  conducted  on  A286  also  show  an 
inproved  resistance  to  hydrogen  as  conpared  to  Alloys  718  and  706  [4], 

SUMMARY  AND  OJNCLUSIONS 

1.  Hydrogen  induced  cracking  studies  were  conducted  on  A723,  Maraging  200,  PH  13-8  Mo,  Alloy 
718  Direct  Aged,  Alloy  718,  and  A286  alloys  using  the  constant  displacement  bolt-loaded  compact 
specimea  ;^1  tested  were  conducted  in  either  50%  sulfuric-50%  phosphoric  acid  solutions  or  in 
el^tr^hemical  cells  at  room  temperature.  All  tests,  with  the  exception  of  Alloy  706,  were  conducted 
at  initial  stress  intensities  of  55  MPa/ra  Information  on  crack  growth  rates  and  hydrogen  induced 
cracking  threshold  stress  intensities  were  obtained  from  these  tests. 

2.  The  bolt-loaded  specimen  has  provided  closely  repeatable  hydrogen  induced  cracking  tests  and 
allows  for  accurate  crack  growth  rate  and  threshold  measurement. 


Ahc^  Strength  A723  steels  tested  in  an  acid  environment,  an  incubation  period  was 

^  asymptotic  approach  of  a  threshold.  At  the  lower  strength 
levels  (e  g.  1 130  ^a  YS)  refinement  and  alloying  have  an  effect  on  the  hydrogen  induced  cracWng 
s^^tibihty  of  A723;  hoover,  at  high  strength  levels  (1275  MPa  YS)  there  w^  no  apparent  benefit. 

pronounced  effect  on  hydrogen  induced  cracking  susceptibility 
M  the  stren^  of  A723  increases,  the  incubation  time,  crack  growth  rate,  and  K,„,c  all  decreed  ^ 
Crack  ^owA  rato  m  the  Stage  n  cracking  regime  for  the  lower  strength  A723  Grade  1  steel  were 

approximately  Iff  mm/s.  Crack  growth  rates  in  the  Stage  ff  regime  for  the  higher  strength  Grade  2 
steels  were  Ebout  an  order  of  magnitude  larger. 

4.  The  elec^hemical  tests  were  more  severe  than  the  acid  cracking  tests  for  A723  steel  A  shorter 
iTOubation  time  was  obseired  for  the  A723  Grade  2  steel  and  a  lower  threshold  was  evident  for  both 
Grade  I  and  Grade  2  steels  tested  in  the  electrochemical  cell. 

5.  i^loy  718  t^ted  m  the  direct  aged  condition  has  a  low  K„„c  value  of  1 1  MPa/m,  due  to  a 
deletenous  5  phase  present  at  the  grain  boundaries.  Alloy  718  tested  under  a  standard  high  ductility 
heat  treatment  condition  appears  to  be  much  more  resistant  to  hydrogen  induced  cracking. 

at  f  ^  rneasurable  crack  growth  in  bolt-loaded  tests  conducted 

U  ^  exposure,  respectively.  Though  Alloy  706  tested  at  1 10 

M^/m  has  shown  so^  small  amount  of  crack  extension  after  5000  hours  of  exposure  it  has  proven 
to  be  very  resilient  to  hydrogen  induced  cracking.  ^ 


7.  ^1  marte^itic,  body  centered  cubic  materials  tested  exhibited  similar  crack  growth  rates  and 
hydrogen  mduc^  cracking  threshold  stress  intensity  values  with  the  exception  of  the  two  PH  13-8  Mo 
specimen  tested  at  1 130  MPa  YS  and  1275  MPa  YS  which  had  slightly  lower  crack  growth  rates. 

8.  The  austmtic,  face  centered  cubic  materials  tested  exhibited  up  to  three  orders  of  magnitude  lower 
crack  growth  rates  than  the  body  centered  cubic  materials  tested. 
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1.0  INTRODUCTION 


Hydrogen  assisted  cold  cracking  is  perhaps  the  most  serious  of  all  weld  cracking  problems 
and  is  dependent  on  three  interacting  requirements:  sufficient  hydrogen  concentration,  an 

•  applied  stress  and  a  susceptible  microstructure.  Cracking  is  associated  with  the  accumulation 
of  hydrogen  at  weak  internal  interfaces  and  under  the  action  of  a  stress  initiates  cracking 
which  can  be  delayed  for  some  considerable  hours  after  welding.  Unfortunately  however  the 
interaction  of  hydrogen  distribution  and  the  role  of  stress  have  not  been  experimentally 
determined.  In  an  attempt  to  determine  the  critical  conditions  for  crack  initiation  a  project 

•  utilising  the  rigid  restraint  cracking  (RRC)  test  has  been  undertaken  by  the  CRC  for  Materials 
Welding  &  Joining. 

In  order  to  develop  a  finite  element  analysis  (FEA)  model  to  predict  cracking  it  is  essential  to 
determine  the  activity  coefficients  for  hydrogen  in  the  weld  zone,  ie,  weld  metal,  HAZ  and 

•  adjacent  parent  metal.  A  review  of  the  literature  showed  that  a  considerable  amount  of 
information  exists  on  hydrogen  diffusion  coefficients  for  steels  but  extremely  little  data  exists 
for  either  diffusion  coefficients  or  activity  coefficients  for  weld  metals'^'.  It  would  be 
expected  that,  particularly  because  of  the  differences  in  oxygen  content,  and  hence  inclusion 
content,  between  different  weld  consumable  types,  substantial  differences  in  activity 

^  coefficient  could  exist  and  at  present  limit  data  is  available  in  the  open  literature'^'.  The  work 

reported  here  was  thus  initiated  to  establish  and  verify  a  methodology  for  the  determination 
of  weld  metal  hydrogen  activity  and  establish  values  for  weld  metals  used  in  the  experimental 
RRC  test  program. 


2.0  MATHEMATICAL  METHOD  OF  EVALUATION 
OF  HYDROGEN  ACTIVITY  COEFFICIENT 

The  method  of  evaluation  of  the  hydrogen  activity  coefficient  proposed  in  previous  work'^' , 
based  on  steady-state  diffusion,  does  not  predict  the  actual  distribution  of  hydrogen  in  real 
welds. 

The  use  of  samples  approaching  approximately  2  mm  in  thickness  in  this  work  simulates 
non-steady-state  diffusion  which  better  describes  the  distribution  of  hydrogen  in  real  welds. 
The  proposed  method  of  determining  the  activity  coefficient  was  based  on  electrochemical 
generation  of  hydrogen.  Consider  the  instantaneous  production  of  a  maximum  level  of 
hydrogen  at  the  sample  surface  which  can  be  asstuned  to  be  a  constant  (C,  =  constant)  with  a 
large  concentration  gradient. 

Thus  for  Pick’s  second  law  of  diffusion; 

^=D  ^  (1) 

a 

where  D  =  constant. 

Initial  and  boundary  conditions  are  respectively: 

C(x>0,t=0)  =  C,  =  0 
C  (x  =  0,  t  >  0)  =  C„  =  const 
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(2) 

(3) 


Using  the  Laplace  transformation‘’',  equation  (1)  for  the  conditions  (2)  and  (3)  has  the 
following  solution: 


where, 


then, 


C  (x.  t)  =  C„  erfc  x 

2VDr 

D  -  diffusion  coefficient 
C  -  hydrogen  concentration 
C,  -  hydrogen  concentration  on  specimen  surface 
t  -  diffusion  time 
X  -  distance 

erfc  (z)  =  1  -  erf  (z) 

z 

erf  (z)  =  2  r  exp  (-u^)  du 
'in  J 


(4) 


(5) 

(6) 


Hence,  the  mass  of  the  hydrogen  diffused  into  a  specimen  can  be  expressed  as  follows: 

L 


M(t)  = 


J  C(x,t)dc 

O 


(7) 


where,  L  -  specimen  thickness 


In  non-steady-state  diffusion  the  total  amount  of  hydrogen  migrated  into  a  specimen  during 
time  (t)  is  as  follows": 

M(t)  =  2  C,  yj  ^  per  unit  of  diffusion  surface  area  (8) 

n 


For  a  given  diffusion  surface  area  (A)  equation  (8)  becomes: 
M(t)  =  2  AC. 


From  equation  (9)  the  diffusion  coefficient  is: 
D=  2 

A 


The  diffusion  coefficient  calculated  in  equation  (10)  is  the  result  of  a  complex  real  process  of 
transportation  of  hydrogen  mass  thus  it  can  be  consequently  applied  to  the  calculation  of  the 
actual  hydrogen  activity  coefficient  (y)  as  well  as  to  the  simulation  of  the  distribution  of 
diffusible  hydrogen  in  steel  weldments.  According  to  Yurioka  et  aP’,  “from  the  condition  of 
mathematical  continuity  in  chemical  potential  or  activity,  equation  (11)  must  be  held 
regardless  of  hydrogen  trapping  portion  and  untrapped  portion”." 


D/y  =  constant 


(11) 


Where  y  is  the  activity  coefficient  representing  occlusibility  and  diffiisibility  of  hydrogen 

SicCl. 


in 


Analysing  equations  in  the  work  of  Yurioka  et  aP'  the  D/y  =  const,  becomes: 

D/y  =  const.  =  0.14  exp  (-3200/RT) 
where,  R  =  1 .9872  cal/mol  X  and  TK . 


(12) 


The  constant  represents  the  diffiision  coefficient  for  ttnsttained  and  pure  iron  without 
hydrogen  trappmg  sites  experimentally  obtained  by  Johnson  and  Hill'‘( 

Analysis  of  equation  (12)  indicates  that  the  activity  coefficient  (y)  is  a  dimensionless 
numencal  value. 

Substituting  equation  (10)  into  equation  (12)  one  obtains: 


y=  - 1 _  n 

0. 1 4  exp  (-3200/RT)  4  A'C/t 


(13) 


3.0  EXPERIMENTAL  PROCEDURE 
3.1  SAMPLE  PREPARATION 

AS1594-HA300  steel  has  been  used  to  prepare  samples  for  determining  the  activity 

coefficient  (equ  13)  of  hydrogen  in  steel  weldments.  The  chemical  composition  of  this  steel 
is  shown  m  Table  1 .  t'  =>  aicci 


Table  1  -  Chemical  Composition  of  Steel  (%) 


c 

P 

Mn 

Si 

S 

Ni 

Cr 

Mo 

Cu 

A1 

Sn 

0.185 

0.014 

0.78 

0.015 

0.014 

0.028 

0.022 

0.007 

0.029 

0.044 

0.004 

The  s^ples  of  parent  metal,  simulated  HAZ  and  weld  metal  had  dimensions  30  mm  x  60 
mm  X  2  mm. 


The  single  weld  bead  sample  has  been  manually  produced  with  AS  1553  1  E4113  5  mm 
electrodes  and  deposited  on  8  mm  thick  HRS  sample  with  a  prepared  groove  of  14  m^  width 

and  3  mm  depth.  The  welding  parameters  were  as  follows:  300A,  27V,  t  =  3  mins  20  secs 
and  weld  length  of 450  mm.  ’  ’ 

The  chemical  composition  of  the  weld  metal  is  shown  in  Table  2. 


Table  2  -  Chemical  Composition  of  Weld  Metal  (%) 


c 

P 

Mn 

Si 

S 

Ni 

Cr 

Mo 

Cu 

A1 

Sn 

Oxygen 

0.080 

0.010 

0.50 

0.10 

0.007 

0.018 

0.031 

0.009 

0.007 

^.005 

0.004 

0.0006 

of  12^c'rh'r.I;^r ^  ^  ^nmutor  to  a  maximum  temperamre 

d:Zto«“erp^e«  ■■’  -"P'^  P--° 


The  samples  were  ground  and  finally  polished  using  8pm  diamond  paste 
samples  were  strained  by  2%,  3%,  5%  and  6.5%. 


Some  HAZ 


3.2  HYDROGEN  PERMEATION  TEST 


The  samples  were  used  to  determine  hydrogen  permeability  by  an  electrochemical  method  at 
a  temperature  of  20°C.  The  instrument  PHERM  MOD.  HM403‘"’'  for  determination  of 
ydrogen  permeabdity  consists  of  two  circuits;  one,  to  impose  a  cathodic  current  constant 
over  the  whole  surface;  and  the  other  to  reveal  the  current  produced  by  the  oxidation  of 
hydrogen  and  the  passivation  of  the  exposed  area  at  the  exit  surface. 


The  instrument  contained  two  compartments; 
compartment  (Figure  1)“*'. 


a  detector  compartment  and  a  cell 


m 


m 


# 
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The  solution  in  the  detector  compartment  constituted  saturated  borate  of  sodium  Na,B  O  and 
the  cell  compartment  contained  CH3COOH.  Na^SO,.  Na^S  with  pH  from  4  to  4.2.  Analysis  of 
y  ogen  content  in  the  samples  after  hydrogen  permeation  testing  was  carried  out  using 
Strohlem  H-MAT  251  instrument.  The  H-MAT  251  is  a  hydrogen  analyser  for  steel  and 
other  metals  by  fusion  extraction  or  hot  extraction  in  a  carrier  gas  stream.  Experimental 
results  are  shown  in  Table  3. 


Table  3  -  Experimental  Results  of  Hydrogen  PermeabiUty  in  Steel 


Samples 

Sample 

Area 

(mm^) 

Sample 

Thickness 

(mm) 

Time 

(s) 

Average 

Hydrogen 

(ppm) 

Parent  Metal 

A 

226.98 

L 

1.79 

t 

150 

C 

0.33 

0 

0 

rn 

HAZ  0%  Strained 

226.98 

0.86 

31 

2.37 

< 

X 

1 

2% 

226.98 

1.80 

235 

0.96 

3% 

226.98 

1.80 

288 

1.32 

00 

< 

5% 

226.98 

1.75 

377 

1.87 

6.5% 

226.98 

1.79 

472 

2.45 

Weld  Metal 
AS1553.1  E4113 

164.0 

1.90 

204 

1.23 

4.0  EVALUATION  OF  HYDROGEN  DIFFUSIVITY 
AND  ACTIVITY  COEFFICIENT 

The  kinetics  of  hydrogen  entry  into  the  steel  samples  and  the  experimental  permeability 
results  were  used  to  determine  the  diffusion  coefficient  (D)  and  the  activity  coefficient  (y). 
The  diffusion  coefficient  has  been  evaluated  using  equation  (10)  where  the  coefficient  is 
pven  with  respect  to  the  hydrogen  mass  contained  in  steel  samples,  sample  area  exposed  to 
hydrogen  and  hydrogen  concentration  on  the  sample  entry  surface. 

D  =  S 

4  A'C/t 

Where  C.  was  obtained  from  approximation  of  hydrogen  distribution  by  the  following 
equation;  ® 

C  (x,  t)  —  exp  (-kx )  ^  j 

where,  t  =  const. 

k  =  const. 
n=  V2 


Hence: 

when: 


C  (x)  =  C„  exp  (-k  VT ) 

C  (x  =  0)  =  C,  =  const. 
C(x  =  L)  =  0 


(15) 


J  Cdr  J  C„  exp  (-k  VT)  dr  ;  C  -  average  hydrogen  concentration  (16) 


where: 


O  O 

M  -  hydrogen  mass  migrated  into  the  steel  sample. 


(17) 


However,  the  hydrogen  activity  coefficient  has  been  evaluated  from  eouation  m\ 

Th'  of  fte  evaluation  J  shown!" 


Table  4  -  Hydrogen  Diflitsivity  and  Activity  Coefficient  of  Steei  at  20" 


Samples 

c„ 

(g/mm^) 

M 

_ (E) 

D 

(mmVsl 

y 

Parent  Metal 

IKjkiiMfiMl 

o 

o 

HAZ  0%  Strained 

1.917  X  10'^ 

41.581  X  10" 

2.31  X  10-^ 

40.1  Ox  10'' 

m 

< 

2% 

0.777x  10-"  1 

35.253x  10"  1 

1.34  X  10^ 

23'26x  10" 

1 

1 

Tf 

ON 

3% 

1.068  X  10-" 

48.473  x  10  " 

1.09  X  10-" 

18.92  X  10-' 

'  5% 

1.513  X  1  O'" 

66.762  X  10" 

7.87  X  10-' 

13.66  X  10" 

< 

6.5% 

1.982  X  1  O'" 

89.468  X  10" 

6.58  X  10’ 

1 1.42  X  10" 

Weld  Metal 
AS1553.1  E4113 

0.995  X  10" 

34.448  X  10" 

1.72  X  10^ 

29.86  X  10" 

SpSTn  Append  i“"  “e  shown  on  flte 

5.0  DISCUSSION 

Evaluated  diffiisivity  and  activity  coefficients  in  relation  to  the  decree  of  steel  defom.,.i„ 
clearly  show  that  the  hydrogen  diffiisivity  and  activity  coefficiems  fall 
defotmation  (refer  Table  4  and  Appendix  A).  These  results  indicate  the  slrltoTZ 

well  as  those  obtained  by  N  Vuriolta  eTarharbeen  con^tr  C^s  B  c"*’  “ 
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Cemin  small  deviations  arose  from  the  differences  of  heat  treatment  temperatures  of  the 
b^e Sold  5^°^?  250X  and  HOOT  for  Yurioka’s)  and  differem  cooling  til 

aScT  H  f?  ^  ^  work  and  6.7  sec  for  Yurioka  et  al'^'.  There 

are  also  differences  m  alloy  element  contents  between  the  steels.  The  differences  outlined 

above  have  apparently  caused  differences  in  the  HAZ  structures  and  consequently  in  the 
results  for  D  and  y.  The  substantial  differences  in  Mn  content  (1.4%  -  Yurioka  samples  and 

r  ^'Snificant  influence  on  the  hydrogen  diffusion  coefficient, 

because  Bollinghaus  et  al  suggest  the  differences  in  Mn  content  up  to  the  level  of  3%  do 
not  change  the  hydrogen  diffusivity  in  steel  but  could  be  expected  to  influence  HAZ 
properties  through  the  formation  of  different  transformation  products. 

l^w  ‘  clrir  ‘irr  coefficients  in  micro  alloyed  and 

ow  carbon  structural  steels  for  austenitic  decomposition  structures:  ferrite-nearlite 

martensite  (HAZ  structures)  ranging  from  7  x  10^  to  1.5  x  10'  mm'/s  at  20°C  The 

comparative  result  in  this  work  2.31  x  1 0"  mmVs  at  20T  fits  well  into  the  above  ranged 

al''^iiscussed  experimental  results  of  many  researchers  which  show  that 
J/  5.  ‘**^^*^  coefficients  m  Steel  depend  on  cold  working  and  applied  stress  from  2  to 

5^  Md  were  witon  the  range  of  6  x  K)'  to  7  x  10  '  mmVs  at  20T.  The  experimental  results 

“  800d  agre=r™ 


6.0  CONCLUDING  COMMENT 

The  results  of  this  investigation  have  demonstrated  that  the  difRision  coefficient  (D)  and 
acntnty  coeffictent  (y)  for  hydrogen  in  a  weldment  can  be  experimentally  detemtined  TOe 

r  Obtain^  m  this  work  are  in  good  agreement  with  those  available  in  open 
hterature  and  vahte  the  methodology  as  a  means  of  determining  the  weld  mLl 
coefficient.  The  values  of  D  =  1.72  x  10"  mmVsec  and  y  =  29.86  x  10"  L  thus  considered 
representative  of  rutile  weld  metal  at  20”C  deposited  under  the  conditions  used  in  this  work 
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APPENDIX  A 


Figure  A 1 ;  Hydrogen  diffixsivity  in  HAZ  of  AS  1 594-HA300  Steel  at  20°C  as  a  function 
of  strain. 


Figure  A2:  Hydrogen  activity  coefficient  for  HAZ  of  AS1594-HA300  Steel  at  20°C  as  a 
function  of  strain. 


APPENDIX  B 


Table  B1  -  Comparison  of  Hydrogen  DIffnsivity  and  Activity  CoelHcients  for  Weld 

^  function  of  strain  in  this  work  with  values 
calculated  from  the  work  of  Yurioka  et  aP'. 


Strain  % 

T  ° 

mm 

Vs 

Y 

AS1594-HA300 

JIS  SM50B* 

AS1594-HA300 

JIS  SM50B** 

HAZ  0%  Strained 

2.31  X  lO*" 

40.10  X  10' 

31.50  X  10' 

2% 

1.34  X  10^ 

23.26  X  10' 

13.31  X  10' 

3% 

1.09  X  10'"' 

« 

18.92  X  10' 

4% 

9.80  X  10' 

5% 

7.87x10' 

13.66  X  10' 

6% 

- 

4.4  X  10' 

- 

-  1 
7.69  X  10' 

6.5% 

6.58  X  10' 

- 

11.42  X  iO' 

7% 

- 

4.0  X  10' 

- 

7.00  X  10' 

Weld  Metal 
AS1553.1  E4113 

1.72  X  10-^ 

1.6  X  10^ 

29.86  X  10'" 

26.72  X  10  ' 

*  The  hydrogen  diffiisivity  from  [3] 

♦♦  The  hydrogen  activity  coefficients  (y)  were  evaluated  from  the  date  of  reference[3]  where: 

R  =  1.9872  cal/mol  “K 
T  =  293.16  "K 


HYDROGEN  MEASUREMENT  AND  STANDARDIZATION 

D.J.  Kotecki 

The  Lincoln  Electric  Company 


INTRODUCTION 


For  more  than  ^  years,  the  role  of  diffusible  hydrogen  in  delayed  cracking  of  weldments  in  carbon 
steels  and  low  alloy  steels  has  been  recognized.  It  is  well  known  that  cracking  is  promoted  by  higher 
strength  microstructures  such  as  martensite,  by  higher  stresses  such  as  those  imposed  by  welding  in 
restrained  heavy  sections,  and  by  higher  levels  of  diffusible  hydrogen.  Shortly  after  recognition 
occurred,  attempts  at  measurement  ofdifiusible  hydrogen  and  standardization  of  test  methods  began. 

Difiiisible  hydrogen,  however,  is  unlike  other  elements  in  steels,  in  that  it  is  a  transient  element.  Other 
mtershtial  elements,  such  as  boron  or  nitrogen,  remain  in  the  steel  awaiting  analysis.  Once  a  suitably 
sensitive  and  accurate  method  of  analysis  is  developed,  standard  samples  can  be  prepared  and 
distributed  to  various  laboratories,  allowing  for  calibration  of  a  particular  laboratory’s  analytical 
procedure.  But,  because  diffusible  hydrogen  is  a  transient,  continually  escaping  from  the  steel  even 
at  temper^ures  below  0“C,  it  has  not  proven  possible  to  prepare  standard  samples  of  accurately 
known  diffusible  hydrogen  content.  Therefore,  calibration  of  diffusible  hydrogen  analytical 
procedures  has  proven  to  be  a  daunting  task. 

A  second  complicating  factor  in  diffusible  hydrogen  measurement  is  the  levels  of  interest.  It  is 
common  today  to  express  diffusible  hydrogen  measurements  in  units  of  milliliters  per  100  grams  of 
deposited  weld  metal.  But  in  units  more  common  in  other  chemical  analysis  of  steel,  1  mL/100  g 
amounts  to  0.892  ppm,  or  0.0000892  weight  percent.  In  order  for  a  measurement  to  be  meaningful 
in  stMdardization,  it  must  be  reproducible  from  one  laboratory  to  another.  To  put  such  measurement 
levels  in  perspective,  it  is  instructive  to  consider  interlaboratory  reproducibility  of  measurement  of 
other  trace  elements  in  steel  welds.  The  Welding  Institute  has  examined  this  (Ref  1),  and  reports,  for 
example,  the  interlaboratory  reproducibility  of  boron  measurement,  at  the  level  of  approximately  10 
ppm  interlaboratory  average,  as  about  ±  2  ppm.  This  means  that  one  laboratory  could  conceivably 
measure,  for  example,  8  ppm  B,  while  another  laboratory  could  measure  12  ppm  B  on  identical 
samples,  and  these  two  results  could  not  be  considered  as  different.  Similar  considerations  need  to 
be  kept  in  mind  when  setting  limits  for  diffusible  hydrogen. 


STANDARD  METHODS  FOR  DEFINING  LOW  HYDROGEN  ELECTRODES 

There  have  been  two  basic  approaches  to  setting  limits  for  hydrogen-controlled  electrodes.  One  has 
been  to  rapidly  quench  a  single  weld  bead,  then  collect  and  measure  the  diffusible  hydrogen  as  it 
escapes  from  the  steel,  which  is  applicable  to  a  number  of  welding  processes.  The  other  has  been  to 
measure  the  potential  for  introducing  diffusible  hydrogen  into  the  weld  by  determining  the  coating 
moisture  content  of  covered  electrodes. 


In  1948  AWS  Specification  A5.5-48T  (ASTM  A316-48T)  for  low  alloy  steel  electrodes  defined  a 
low-hydrogen  electrode”  as  one  meeting  a  maximum  limit  of  0. 1  cm^  of  gas  collected  per  gram  of 
deposited  metal  (10  mL/100  g,  in  units  commonly  used  today  for  expressing  diffusible  hydrogen) 
when  hydrogen  from  the  quenched  bead  was  collected  over  glycerin  in  an  eudiometer.  Shortly  after 
this  specification  was  published,  however,  doubt  was  cast  (Ref  2)  on  the  suitability  of  glycerin  as  a 
hydrogen  collecting  medium  because. hydrogen  and  other  gases  are  appreciably  soluble  in  glycerin. 
By  the  1954  revision  of  AWS  A5.5,  the  glycerin  test  had  disappeared  from  that  specification.  In  the 
1964  revision  of  that  specification,  a  new  definition  of  a  low-hydrogen  electrode  was  introduced,  as 
one  having  no  more  than  0.6%  coating  moisture?Sy  weight,  with  lower  limits  for  higher  strength 


strram*^  moisture  is  determined  by  heating  the  coating  sample  in  an  oxygen 

, ,  ^  collecting  the  water  that  is  evolved  with  anhydrous  magnesium 

perchlorate  and  determining  the  moisture  by  the  weight  gain  of  the  magnesium  perchlorate.  This 
definition  of  low-hydrogen  electrodes  entered  the  nonmandatoiy  appendix  of  the  carbon  steel 
electrode  specification,  AWS  A5. 1,  m  its  1969  revision,  and  entered  the  mandatory  portion  of  the 
specification  in  the  1981  revision.  It  remains  in  both  standards  to  this  day. 


Although  the  AWS  abandoned  assessing  the  low-hydrogen  quality  of  electrodes  by  collection  of 
hydrogen  over  glycerin,  others  took  up  this  test.  For  example,  the  American  Association  of  State 
Highway  and  Transportation  Officials  (AASHTO)  adopted  the  glycerin  test  for  their  Guide 
Specifications  for  Fracture  Critical  Non-Redundant  Steel  Bridge  Members.  The  US.  Navy  adopted 
It  for  defimrig  low-hydrogen  flux  cored  wires  in  MIL-E-24403.  The  glycerin  test  for  assessing  low- 
hydrogen  electrode  quality  became  a  Japanese  standard  (JIS  Z31 13)  also. 


Beginning  about  1956,  Commission  H  of  the  International  Institute  of  Welding  (IIW)  undertook  (Ref 
)  to  develop  a  standardized  test  for  determining  diffusible  hydrogen  from  steel  covered  electrodes 
using  collection  of  hydrogen  over  mercury.  Mercury  has  virtually  no  solubility  for  hydrogen  or  any 
of  the  atmosphenc  gases.  After  much  evolution  and  testing,  the  “HW  method”  was  adopted  as  an 
international  standard  (ISO  3690)  in  1977.  Due  to  fear  of  the  toxicity  of  mercury  vapor,  the  IIW  test 
method  evolves  hydrogen  fi-om  the  test  specimen  in  a  sealed  Y-tube  at  about  25  “C.  In  order  to  obtain 
nearly  complete  diffusible  hydrogen  release  in  a  reasonable  time  period  (three  days),  small  test 
speciniens  are  employed  (30  mm  long  by  15  mm  wide  by  10  mm  thick).  The  standard  also  provides 
the  30  mm  specimen  length  into  two  15  mm  pieces,  or  into  four  7.5  mm  pieces  to 
pe^  hydrogen  release.  A  run-on  piece  and  a  run-off  piece  are  included  in  the  test  assembly  but  are 
broken  off  when  the  assembly  is  chilled  to  -78’’C,  or  colder,  after  iced  water  quenching, ’and  are 
discarded  before  analysis  takes  place.  The  assembly  is  tightly  clamped  in  a  copper  fixture,  which 
serves  as  a  heat  sink  to  prevent  specimen  overheating  during  welding.  Figure  1  shows  the  test 
assembly  and  fixture  of  ISO  3690. 


Recently,  Commission  II  of  the  IIW  have  prepared  a  draft  revision  (Ref  4)  of  ISO  3690  which 
provides  for  re-orienting  the  test  piece  so  that  the  method  can  be  extended  to  GMAW,  SAW,  and 
FCAW.  In  this  modification,  the  central  test  piece  is  oriented  with  its  30  mm  dimension  as  the  width, 
and  Its  15  mm  dimension  as  the  length.  Then  the  run-on  and  run-off  pieces  are  appropriately  widened 
and  lengthened  to  accommodate  the  higher  heat  input  of  these  additional  welding  processes  The 
revision  calls  for  adjusting  the  welding  travel  speed  to  obtain  a  deposit  weight  on  the  central  test  piece 
of  4.0  g  (±  0.5  g)  to  improve  interlaboratory  reproducibility.  For  this  reorientation,  a  new,  larger 
copper  fixture  is  necessary,  as  shown  in  Figure  2.  Since  three  days  at  25'’C  as  the  reference  method 
has  not  proven  to  release  aU  diffusible  hydrogen  fi-om  the  central  test  piece,  hydrogen  evolution  is  now 
required  to  be  carried  out  until  there  is  no  change  in  the  quantity  collected  from  one  day  to  the  next 
In  practice,  this  often  means  a  total  evolution  time  at  25'’C  of  14  to  21  days.  Use  of  higher  evolution 
temperature,  and  of  alternate  equipment  such  as  a  gas  chromatograph,  are  allowed  so  long  as  the 
vanant  is  shown  to  correlate  to  the  reference  method.  While  this  draft  revision  of  ISO  3690  has  not 
yet  been  approved  by  ISO,  an  agreement  has  been  reached  with  the  relevant  Committee  for  European 
Standardization  (CEN  TC121)  over  the  details  of  the  revision,  and  approval  seems  likely. 

The  Filler  Metal  Committee  of  the  American  Welding  Society  followed  development  of  the  draft 
re^sion  of  ISO  3690  in  HW  Commission  II,  while  re-examining  its  own  position  regarding  definition 
of  low  hydrogen  electrodes  (Ref  5).  After  round  robin  examination  of  glycerin  testing  following  the 


to  ■  Meal  Co^ttee  decided  against  that  avenue  due  to  to  obsemtion 

Of  h  H  diffusible  hydrogen  when  the  IIW  method  is  still  finding  low  levels 

of  diffusible  hydrogen.  Instead,  it  concluded  that  collection  of  hydrogen  over  mercury  or  70  a  gas 
chromato^aph,  was  more  suitable  since  these  methods  do  not  lose  part  of  the  diffusibl^hydrogen^as 

p:iiTs“  Committee^was  not  satisfied 

specimen  size  of  the  IIW  draft  method  because  it  resulted  in  very  small  hydrogen  volume  with  verv 

low  hydrogen  coiwurnables,  and  because  it  required  an  arbitrary  decision  about  when  to  re-orient  th^ 

ZSr  "  "“•“PX';  welding  (Ref  S),  Instead,  a  ies.  specimen  80  mn.  lo'g  by  25 

off  aid  r  d  d  !.  “i  "-"-dffpieces  tha.  could  be 

broken  off  and  discard^,  was  chosen  for  to  AWS  method  (Ref  6),  Figure  3  shows  the  weld  lest 
assembly  and  welding  fixture  of  ANSI/AWS  A4.3.  ^  ®  ° 

To  speed  diffusible  hydrogen  evolution  using  its  method,  the  AWS  standard  provided  for  evolution 

heated  mercury,  the  150  C  hydrogen  evolution  is  probably  only  applicable  to  gas  chromatography 
These  two  time-temperature  combinations  were  shown  to  produce  equal  results.  And  comparison 
of  gas  chromatograph  results  with  collection  over  mercury  results  showed  no  difference  betwLn  the 
two  analytical  techniques  with  the  AWS  method  (Ref  5). 

“'J’’  '^“xh  includes 

ilV^W,  GMAW,  FCAW,  and  SAW  consumables,  and  allows  for  analysis  by  gas  chromatography  or 

Xr  ® oonsumiles  providing  nt  tost  2 
00  g  by  tins  method,  and  Equation  4,  above,  is  used  to  convert  the  glycerin  results  to  IIW  (gas 

chromatography)  values,  which  are  considered  as  the  reference  values.  JIS  Z3 1 1 8  provides  for  copLr 
fix  ures.  rnn-on  and  run-off  pieces  which  are  broken  off  and  discarded,  and  rapid  quenching  aLr 
welding.  It  Pro^des  for  use  of  four  center  test  piece  sizes,  including  the  30  by  1 5  by  10  mm  IIW/ISO 

size  (the  latter  for  glycenn  only,  while  the  first  three  are  for  gas  chromatography  only).  ^ 

REPRODUCIBILITY  OF  LOW  HYDROGEN  ELECTRODE  DETERMINATION 

An  axiom  of  measurement  is  that  the  results  of  measurement  must  be  reproducible  from  one 
laboratory  to  another.  For  the  present  discussion,  it  is  essential  that  there  can  be  assurance  of 

Srr  hydrogen  quality  of  a  given  lot  of  welding  consumables  among  the 

electrode  producer,  the  electrode  user  (fabricator),  the  contractor  responsible  for  the  overall 
engineering  project,  and  any  oversight  authority  such  as  an  insurance  company,  safety  agency  or 

fe°sri7r?I!^  K  assessing  reproducibility  of  measurement  is  by  round  robin 

testing.  There  have  been  many  round  robin  tests  in  which  welding  consumables  from  a  particular  lot 

were  distnbut^  to  several  laboratones,  each  of  which  were  then  asked  to  conduct  a  given  test  for  low 
hydrogen  quality  following  a  standardized  procedure,  and  report  the  results  to  a  central  point  for 

diSon"  om"  — d  by  examining  the  interlaboratory  Zda^ 

deviation  of  the  results,  especially  as  compared  to  the  interlaboratory  mean  value.  A  most  useful 

companson  is  the  percent  variability  (%  Var.),  usually  defined  as  twice  the  standard  deviation 
rli  ptr.'  “riX  f -producibilily  mea„; 
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eproducibihty  of  coating  moisture  determination  was  examined  in  an  AWS  round  robin  (Ref  7). 
ere  were  two  parts  to  this  round  robin  -  coating  moisture  as-manufactured,  and  coating  moisture 
^o^^erciaJ  moving  air  humidity  cabinet  for  9  hours  to  80%  relative  humidity  and 
■ '  ^  robin  evaluated  the  reproducibility  of  the  coating  moisture 

es  a  one,  whde  the  second  part  examined  the  combination  of  the  exposure  test  and  the  coating 
moisture  test.  Table  1  summarizes  the  results.  It  can  be  seen  that  the  reproducibility  of  the  coating 

moisture  test  alone  is  much  better  than  the  reproducibility  of  the  combination  of  exposure  and  coating 
moisture  test.  ^  ° 


Table  1 .  AWS  Round  Robin  of  Coating  Moisture  Tests 


Part  1  -  Coating  Moisture.  %,  of  Electrodes  As-Manufactured 

Lab 

MRA 

MRB 

MRC 

MRD 

X 

Y 

z 

1 

0.019 

0.033 

0.047 

0.048 

0.086 

0.425 

0.220 

2 

0.074 

0.054 

0.083 

0.108 

0.104 

0.432 

0.238 

3 

0.070 

0.060 

0.073 

0.II3 

0.110 

0.380 

0.257 

4 

0.065 

0.062 

0.087 

0.104 

0.084 

0.411 

0.215 

5 

0.040 

0.040 

0.100 

o.ioo 

0.073 

0.357 

0.197 

Avg. 

0.054 

0.050 

0.078 

0.095 

0.091 

0.401 

0.225 

.SD 

0.021 

0.011 

0.018 

0.024 

0.014 

0.028 

0.020 

%  Var. 

78.2 

45.7 

45.5 

50.1 

29.8 

14.1 

18  7 

Part  2  - 

Coating  Moisture.  %,  of  Electrodes  after  E.xposure 

Lab 

MRA 

MRB 

MRC 

MRD 

X 

Y 

z 

I 

0.075 

0.059 

0.034 

0.032 

0.154 

1.540 

1.015 

2 

0.197 

0.153 

0.133 

0.217 

0.300 

3.163 

2.493 

3 

0.393 

0.303 

0.167 

0.420 

0.577 

3.940 

4.030 

4 

0.345 

0.356 

0.215 

0.353 

0.615 

3.776 

3.757 

5 

0.230 

0.175 

0.165 

0.265 

0.245 

2.955 

2.155 

Avg. 

0.248 

0.209 

0.143 

0.257 

0.378 

3.075 

2.690 

SD 

0.113 

0.107 

0.060 

0.133 

0.184 

0.851 

1.101 

%  Var 

90.7 

102.3 

84.6 

103.1 

97.4 

55.3 

81.9 

Reproducibility  of  glycerin  testing  along  the  lines  of  JIS  Z3 1 13  (or  Z3 1 18)  was  examined  by  the  AWS 
Task  Group  on  Hydrogen  in  1983  (Ref  8).  With  electrodes  producing  an  interlaboratory  average 

value  of  3.3  mL/100  g,  the  interlaboratory  standard  deviation  was  0.88  mL/100  g  and  the  oercent 
variability  was  53%.  ^ 

In  1982,  The  Welding  Institute  completed  a  study  (Ref  1)  of  interlaboratory  reproducibility  of 
difiusible  hydrogen  measurements  from  covered  electrodes.  Five  laboratories  participated,  using  the 
method  of  ISO  3690  (full  30  mm  specimen  length),  with  hydrogen  evolution  carried  out  to  fourteen 
days  to  assure  complete  evolution  of  hydrogen  and  improve  reproducibility  of  measurement.  The 
results,  with  electrodes  averaging  diffusible  hydrogen  of  about  10  mL/100  g  of  deposited  metal, 
showed  an  interlaboratory  reproducibility  (average  of  three  tests  per  laboratory)  of  about  ±  1  mL/100 


In  1984,  the  AWS  Task  Group  on  Hydrogen  conducted  a  series  of  round  robins  of  diffusible  hydrogen 
measurements  with  SMAW  electrodes,  GMAW  wires.  FCAW  wires,  and  SAW  consumables  all 
producing  diffusible  hydrogen  in  the  vicinity  of  5  mL/100  g  of  deposited  metal.  Each  round  robin 
produced  an  inter-laboratory  standard  deviation  of  diffusible  hydrogen  measurement  of  about  1 
mL/100  g  (Ref.  5).  All  of  the  above  examinations  of  reproducibility  of  diffusible  hydrogen  testing 
compare  favorably  with  the  reproducibility  of  measurement  for  other  trace  elements  in  steel  (Ref  1). 


CORRELATIONS  AMONG  VARIOUS  TESTS  FOR  LOW  HYDROGEN  FILLER  METALS 

Since  there  are  at  least  four  means  of  assessing  low  hydrogen  electrode  quality,  it  is  useful  to 
understand  correlations  among  them.  In  three  separate  studies,  the  method  of  ANSI/A WS  A4.3  was 
shown  to  produce  results  virtually  identical  to  those  of  the  method  of  the  IIW  draft  standard  or  the 
present  ISO  3690  (Ref  5).  So  it  can  safely  be  said  that: 

^Aws  ~  Hnw  ( I ) 

where  H^yw!  is  the  diffusible  hydrogen  measured  using  the  method  of  ANSI/A  WS  A4.3,  and  is 
the  diffusible  hydrogen  measured  using  either  the  method  of  ISO  3690  or  of  the  IIW  draft  revision 
of  ISO  3690,  both  measurements  expressed  in  mL/100  g  of  deposited  metal. 

The  Japanese  have  conducted  at  least  three  studies  of  correlation  between  the  glycerin  test  used  in  JIS 
Z3 1 1 3  (or  Z3 1 1 8)  and  the  mercury  or  gas  chromatography  method  of  the  IIW  draft  or  of  ISO  3690 
Each  produced  a  correlation  equation: 


(Ref  9) 

Hql  =  0.64  Hnw -0.93 

(2) 

(Ref  10) 

Hqj_  =  0.67  Hjjw  -  0.8 

(3) 

(Ref  11) 

Hol  =  0.79  Hnw  -  1.73 

(4) 

where  Hql  is  the  diffusible  hydrogen,  mL/100  g  of  deposited  metal,  measured  with  the  method  of  JIS 
Z3 1 1 3  (or  Z3 1 1 8).  Note  that  all  of  these  correlations  indicate  that  the  method  of  JIS  Z3 1 1 3  (Z3 1 1 8) 
does  not  collect  all  of  the  diffusible  hydrogen  that  the  method  of  ISO  3690  collects.  While  these  three 
correlations  look  different,  plotting  them,  as  is  done  in  Figure  4,  reveals  that,  over  the  range  of  interest 
in  low  hydrogen  electrodes,  there  is  little  or  no  significant  difference  among  the  three  correlations. 
At  most,  the  differences  are  within  the  scatter  of  experimental  error. 

The  Japanese  have  also  examined  the  correlation  between  coating  moisture  and  diffusible  hydrogen 
for  E70 1 8-type  electrodes.  Included  in  the  Japanese  study  (Ref.  14)  were  as-manufactured  coating 
moisture,  moisture  picked  up  during  exposure,  and  atmospheric  moisture  at  the  time  of  welding  which 
finds  its  way  into  the  arc.  The  correlation  obtained  is  as  follows: 

Hnw  =  [260  a,  +  30  a^  +  0.9  b  -10]  (5) 

where  a,  is  the  as-manufactured  coating  moisture  weight  percent,  §  is  the  weight  percent  coating 
moisture  picked  up  by  exposure,  and  b  is  the  partial  pressure  of  water  vapor  (mm  Hg)  in  the  air  at  the 
time  of  welding.  If  the  electrode  has  not  been  exjjosed,  then  a^  is  zero  and  the  second  term  on  the 


right  side  of  Equation  5  drops  out.  The  AWS  Task  Group  on  Hydrogen  collected  data  during  some 
.  >  where  the  atmospheric  moisture  at  time  of  welding  was  about  10  mm  He 

p  rtial  pressure  and  the  E7018  electrode  coating  moisture  was  adjusted  by  varying  the  final  bake 

Th  Tu"'  as-manufactured  coating  moisture  data  versuS 

di&s.ble  hydrogen  could  be  examined,  as  shown  in  Figure  5,  along  with  Equation  5  above  Figure 

equation  rather  well  reflects  the  experimental  data  up  to  a  coating  moisture 
of  about  0.3  /o,  but  appears  to  understate  the  effect  of  coating  moisture  above  0.3%. 

The  Japanese  study  and  Equation  5  indicate  that  moisture  picked  up  by  electrode  exposure  is  less 
e  ective  at  introducing  dffiisible  hydrogen  into  the  weld  metal  than  is  the  as-manufactured  moisture 
This  seems  reasonable  in  view  of  the  fact  that  as-manufactured  coating  moisture  is  likely  to  be 

conr  rt  r  .  ^  throughout  the  coating,  while  moisture  picked  up  on  exposure  is  likely  to  be 
concentrated  on  the  coating  surface.  Evans  (Ref  13)  provided  data,  shown  in  Figure  6,  to  the  AWS 

HiSh  demonstrated  that  this  is  the  case.  Electrodes  were  progressively 

dned  at  higher  and  higher  temperatures,  sampling  diffusible  hydrogen  after  each  baking  temperature 
to  generate  the  On  Drying”  part  of  the  curve,  until  a  very  dry  condition  was  achieved  ThL  these 

P'’°S>’essively  exposed  to  pick  up  more  and  more  moisture,  sampling 
diffusible  hydrogen  after  various  exposures  to  generate  the  “On  Exposure”  part  of  the  curve. 

nnnn?h  "  ^  f  atmospheric  moisture  at  the  time  of  welding 

u^n  the  m^ured  diflRisible  hydrogen  with  a  covered  electrode.  As  a  result  of  this  observation  the 
AWS  species  a  reference  atmospheric  condition  for  welding  the  diffusible  hydrogen  test  specimens. 

A  I-S  -ui  I?*?*”*  of  water  per  kilogram  of  dry  air,  or  a  moisture  partial  pressure  of  1 .735  mm  Hg 
A  difiusible  hydrogen  test  piece  must  be  welded  at  or  above  this  condition  and  satisfy  the  requirement 
ta  practice,  it  is  often  found  that  welding  for  the  diffusible  hydrogen  test  in  summer  months  must  be 
done  in  an  air  conditioned  room  to  bring  the  atmospheric  moisture  down  to  near  this  level  to  satisfy 
requirements  for  very  low  hydrogen  electrodes.  ^ 


BENCHMARKS  FOR  LOW  HYDROGEN  FH^LER  METALS 

Benchmarks  are  useful  in  classifying  filler  metals,  and  in  selecting  appropriate  preheat  and  welding 
heat  input  for  a  given  base  metal  and  restraint  condition.  It  is  logical  to  expect  benchmarks  to  be 
realistic  in  terms  of  the  state  of  the  art  of  producing  filler  metals  commercially,  and  to  expect  different 
benchmarks  to  indicate  significant  differences  in  low  hydrogen  quality.  It  is  useful  to  consider  these 
various  benclmarks  as  regards  reproducibility  of  measurement  among  laboratories  and  as  regards 
Significance  of  differences  in  consumable  quality. 


moisture  limits  for  covered  electrodes  of  various  strength  levels  in 
ANSI/AWS  A5. 1-91  (carbon  steel  electrodes)  and  A5.5-96  (low  alloy  steel  electrodes).  Some  more 
stringent  limits  are  also  used  in  these  standards. 


Table  2. 


Coating  Moisture  Limits  (As-Manufactured)  for  Low  Hydrogen  Electrodes,  versus  Weld 


ANSI/AWS  Standard 

A5.1 

A5.5 

A5.5 

A5.5 

Minimum  Tensile  Strength,  ksi  (MPa) 

70  (480) 

70 (480) 

80(550) 

90  (620) 

Maximum  Coating  Moisture,  weight  % 

0.6 

0.4 

0.2 

0.15 
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With  the  test  of  ISO  3690,  IIW  Commission  II  defined  a  “hydrogen  controlled  electrode”  as  one 
providing  no  more  than  15  mL  of  difihjsible  hydrogen  per  100  g  of  deposited  metal.  Further, 
Commission  n  recommended  (Ref  3)  a  linear  system  of  benchmarks  of  no  more  than  15  mL/100  g 
of  deposited  metal  (“medium  hydrogen”),  no  more  than  10  mL/100  g  (“low  hydrogen”),  and  no  more 
than  5  mL/100  g  (“veiy  low  hydrogen”).  In  contrast  to  the  AWS  coating  moisture  benchmarks  in 
Table  2,  the  IIW  benchmarks  are  not  directly  connected  to  weld  metal  strength  level.  Besides  weld 
metal  strength,  base  metal  hardenability,  restraint,  and  preheat  need  to  be  taken  into  account  before 
deciding  upon  a  safe  diffusible  hydrogen  level. 


The  AWS  (Ref.  5)  examined  considerable  data  correlating  diffusible  hydrogen  levels  with  critical 
cracking  stress,  critical  preheat  temperature,  and  the  like,  for  avoiding  hydrogen  cracking.  These  data 
showed  linear  correlations  with  the  logarithm  of  the  diffusible  hydrogen  content  of  the  weld  metal, 
not  with  the  diffusible  hydrogen  level  itself.  Figure  7  (Ref  1 5),  from  implant  test  results,  shows  one 
such  correlation.  This  suggested  that  a  system  of  benchmarks  based  upon  equal  increments  in  the 
logarithm  of  the  diffusible  hydrogen  content  was  more  logical  and  useful  than  the  IIW  system  based 
upon  equal  increments  in  the  numerical  diffusible  hydrogen  content.  This  logarithmic  approach  is  also 
supported  by  Yurioka  and  Kasuya  (Ref  14).  At  the  present  time,  the  AWS  benchmarks  for  diffusible 
hydrogen,  as  given  in  ANSI/AWS  A5.1-91  (mild  steel  covered  electrodes),  ANSI/AWS  A5.5-96  (low 
alloy  steel  covered  electrodes),  ANSI/AWS  A5. 18-93  (mild  steel  GMAW  wires).  ANSI/AWS  A5.20- 
95  (mild  steel  flux  cored  wires),  and  ANSI/AWS  A5.23-90  (low  alloy  steel  SAW  wires  and  fluxes), 
are  no  more  than  16.0  mI7100  g  (“H16").  no  more  than  8.0  mL/100  g  (“H8"),  and  no  more  than  4.0 
mL/100  g  (“H4").  As  with  the  IIW  system,  any  of  these  benchmarks  can  be  attached  to  any  low 
hydrogen  consumable,  depending  upon  successful  test  results,  without  regard  to  strength  level  of  the 
weld  metal.  Revisions  of  ANSI/AWS  A5.17  (mild  steel  SAW  wires  and  fluxes).  ANSI/AWS  A5.28 
(low  alloy  steel  GMAW  wires),  and  ANSI/AWS  A5.29  (low  alloy  steel  flux  cored  wires)  are  in 
process,  which  will  include  these  same  diffusible  hydrogen  benchmarks.  Consideration  is  being  given 
by  AWS  to  including  the  next  lower  benchmark  (no  more  than  2.0  mL/100  g,  or  “H2")  in  appropriate 
filler  metal  standards. 

The  Japanese  electrode  classification  standards,  JIS  Z321 1  for  mild  steel  electrodes,  and  JIS  Z3212 
for  high  tensile  strength  electrodes,  establish  a  single  maximum  diffusible  hydrogen  limit  for  each 
tensile  strength  level,  more  like  the  AWS  coating  moisture  benchmarks,  and  unlike  the  IIW  and  AWS 
diffusible  hydrogen  benchmarks.  These  limits  are  given  in  Table  3.  Limits  for  diffusible  hydrogen  are 
not  established  for  classifying  consumables  other  than  covered  electrodes  by  the  Japanese  standards. 


Table  3.  Diffusible  Hydrogen  Limits  versus  Deposited  Weld  Metal  Minimum  Strength  Level  in  JIS 
I _ Z321 1  (Mild  Steel  Electrodes)  and  JIS  Z3212  (Low  Alloy  High  Strength  Steel  Electrodes) 


JIS  Standard 

Z3211 

Z3212 

Z3212 

7  ^ 

Z3212 

Z3212 

Z3212 

Z3212 

Minimum  Tensile  Strength,  MPa 

420 

490 

520 

570 

610& 

690 

750 

780 

Maximum  Allowable  Diffusible 
Hydrogen.  mL/lOO  g  Deposited  Metal 

15 

15 

12 

10 

9 

7 

6 

The  U.S.  Military  standard  MIL-E-22200/10C  (SH)  sets  classification  benchmarks  for  covered 
electrodes  for  high  tensile  steels  as  0. 10%  coating  moisture  as-manufactured,  0.20%  coating  moisture 
after  e.xposure  for  9  hours  to  27  C  air  at  80%  relative  humidity,  and  diffusible  hydrogen  limits 
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(m^sured  by  ANSI/AWS  A4.3)  of  3.5  mL/100  g  deposited  metal  for  electrodes  of  4.0  mm  diameter 
AXTc^’o  ®  of  3.2  mm  diameter  and  smaller.  On  the  other  hand,  both 

.1-91  and  ANSI/AWS  A5.5-96  set  exposed  coating  moisture  limits  for  moisture 
resistant  electrodes  at  0.4%  maximum,  in  view  of  the  larger  scatter  in  round  robin  testing  of  exposed 
electrode  coating  moisture  (Pan  2  of  Table  1)  as  compared  to  as-manufactured  coating  moisture. 


DISCUSSION 


There  are  two  aspects  to  determination  of  low  hydrogen  welding  consumable  quality  that  are  of 
interest  from  the  vie^oints  of  measurement  and  standardization.  These  are  the  measurement  method 
itseii,  and  the  benchmarks  used  for  assessment  of  quality. 

The  measurement  of  weld  metal  diffusible  hydrogen,  for  electrode  quality  purposes,  seems  to  have 
reached  ^  desirable  situation  where  the  reference  method  can  be  considered  to  be  the  IIW  method 
and  the  AWS  methods  and  the  HS  gas  chromatography  method,  despite  using  different  test  piece 
sizes,  ^ve  at  essentially  the  same  result.  So  a  diffusible  hydrogen  test,  performed  using  any  of  these 
methods,  can  be  directly  related  to  the  other  methods,  on  a  one-to-one  basis.  However,  the  effect  of 
atmosphenc  moisture  at  the  time  of  welding  needs  to  be  taken  into  account.  The  AWS  system  has 
mtroduced  a  reference  atmospheric  condition  (1 .43  g  of  water  vapor  per  kg  of  dry  air),  at  or  above 
which  the  weldmg  must  be  conducted  for  the  diffusible  hydrogen  test.  The  IIW  draft  standard  (Ref 
),  proposed  to  revise  ISO  3690,  now  includes  a  reference  atmospheric  condition  also,  but  it  is  3  e 
of  water  vapor  per  kg  of  dry  air.  This  could  require  humidification  of  the  air  in  cold  climates  during 
wmter,  as  well  as  requinng  air  conditioning  in  warm  humid  climates.  While  the  difference  in  reference 
atmosphenc  conditions  between  nw  and  AWS  is  not  major,  it  is  a  difference.  The  ANSI/AWS  A4.3 

standard  allows  welding  at  above  3  g  of  water  vapor,  provided  that  the  electrode  meets  the 
requirements  for  diffusible  hydrogen. 


The  proliferation  of  numerous  benchmarks  for  assessing  low  hydrogen  electrode  quality  leaves  a 
confused  situation.  In  view  of  the  interlaboratory  reproducibility  of  measurement  of  as-manufactured 
coating  rnoisture,  exposed  coating  moisture,  or  diffusible  hydrogen,  the  proliferation  of  so  many 
benchmarks  seems  unrealistic.  It  is  clearly  not  possible  to  state  with  any  certainty  that  a  given 
electrode  meets  a  limit  of  3.5  mL/100  g  deposited  metal,  but  does  not  meet  3.2  mL/100  g  as  is 
proposed  by  the  U.S.  MIL-E-22200/10C  (SH)  standard,  since  the  reproducibility  of  the  di&sible 
hydrogen  test  is  no  better  than  ±  1  mL/100  g.  It  is  also  not  realistic  to  state  that  a  given  electrode 
meets  10  mL/100  g  but  does  not  meet  9  mL/100  g,  as  is  proposed  by  the  JIS  Z3212  standard.  The 
seven  benchmarks  of  the  JIS  system  shown  in  Table  3,  which  span  a  smaller  range  of  diffusible 
hydrogen  values  than  either  the  three  benchmarks  of  the  IIW  system  or  the  three  benchmarks  of  the 
AWS  system,  seem  to  be  an  unnecessary  and  unrealistic  complication  of  the  situation,  especially  in 
view  of  the  fact  that  many  electrodes  are  used  to  weld  base  metals  of  non-matching  strength.  As  a 
practical  matter,  in  the  manufacture  of  low  hydrogen  electrodes,  the  manufacturer  uses  the  same 
coating  binder  and  minerals,  and  the  same  bake  schedule,  for  electrodes  of 480  MPa  minimum  tensile 
strength  as  for  electrodes  of  much  higher  minimum  tensile  strength.  Then  the  weld  metal  diffusible 
hydrogen  which  results  will  be  indistinguishable,  and  the  electrodes  will  meet  the  same  benchmark 
Therefore,  reducing  the  number  of  benchmarks  will  not  be  a  hardship  for  the  electrode  manufacturer’ 

Furthermore,  it  is  not  possible  to  state  with  much  certainty  that  an  electrode  meeting  the  IIW 
benchmark  of  15  mL/100  g  is  really  different  §ym  an  electrode  meeting  the  AWS  HI 6  benchmark. 


nor  that  ^  electrode  meeti  the  IIW  benchmark  of  5  mL/100  g  is  really  different  from  an  electrode 
benchmark.  On  the  other  hand,  an  electrode  meeting  the  IIW  benchmark  of  10 
mlVlOO  g  could  be  veiy  likely  be  different  from  one  meeting  the  AWS  H8  benchmark.  In  view  of  the 
numerous  linear  relationships  between  various  crack  susceptibility  measures  and  the  logarithm  of  the 
diffusible  hydrogen  content,  the  AWS  logarithmic  system  of  hydrogen  benchmarks  seems  more  logical 
han  the^hnear  system  of  hydrogen  benchmarks.  It  is  also  more  amenable  to  logical  extension  to 
lower  diffusible  hydrogen  limits  (e  g.  H2)  than  is  the  IIW  linear  system,  if  the  quality  of  consumables 
^d  the  reproducibility  of  measurement  can  be  shown  to  warrant  this  extension.  It  is  the  opinion  of 
s  writer  that  the  loganthmic  system  of  benchmarks,  with  three,  or,  at  most,  four  benchmarks  is  the 
most  appropnate  in  view  of  the  technology  of  diffusible  hydrogen  damage  and  in  view  of  the 
reproducibility  of  diffusible  hydrogen  tests. 

By  using  Figures  4.  5,  and  6,  it  is  possible  to  make  approximate  correlations  among  several 
benchmarks,  which  can  put  some  of  these  benchmarks  in  perspective.  For  this  examination,  the  IIW 
inethod  is  considered  *e  reference  method,  and  is  taken  to  be  equal  to  the  AWS  methods  or  the  gas 
chromatography  method  of  JIS  Z3 1 18.  Table  4  makes  these  correlation  attempts.  It  is  possible  to 
ar^e  with  any  given  specific  correlation,  but  the  approximate  correlations  seem  reasonable  in  view 
of  the  figures  and  in  view  of  the  interlaboratory  reproducibility  of  the  various  methods. 

Table  4.  Correlations  among  Various  Benchmarks  for  Classifying  Low  Hydrogen  Welding 
_ Consumables  •'  o  e, 


_ Benchmark 

0.6%  Coating  Moisture 

_ 0.4%  Coating  Moisture 

0.2%  Coating  Moisture 
0. 1 5%  Coating  Moisture 
I  0. 10%  Coating  Moisture 

10  mL/100  g  by  Glycerin 
5  mL/100  g  by  Glycerin 
0.4%  Coating  Moisture  after  Exposure 
0.20%  Coating  Moisture  after  Exposure 


Correlation  by:  mL/100  g  Deposited  Metal 

Figures  15  or  16 


Figure  5 
Figure  5 
Figure  5 
Figure  5 
Figure  4 
Figure  4 
Figure  6 
Figure  6 


15  or  16 
8.  9,  or  10 
6,  7,  or  8 
5  or  6 
3,  4,  or  5 
15  or  16 
8.  9,  or  10 
6,  7,  or  8 
5  or  6 


The  round  robin  test  results  of  Table  1,  Part  2,  indicate  that  the  U.S.  MIL-E-22200/10C  (SH)  coating 
moisture  limit  of  0.20%  after  exposure  seems  very  unrealistic.  With  each  of  the  four  electrodes 
generally  considered  to  be  moisture  resistant  (MRA,  MRB,  MRC,  and  MRD),  at  least  one  of  the  five 
participatmg  laboratories  would  conclude  that  the  electrode  failed  the  test,  and  at  least  one  laboratory 
wou  conclude  that  the  electrode  passed  the  test.  One  laboratory  would  pass  all  four  electrodes  and 
one  laboratory  would  fail  all  four  electrodes.  From  this  data,  it  would  seem  to  be  nearly  impossible 
for  one  laboratory  (e.g.  a  shipyard)  to  consistently  verify  the  certification  of  another  laboratory  (e  g. 
an  electrode  producer)  that  a  giyen  lot  of  electrodes  met  the  requirement.  The  AWS  limit  of  0.4% 
coating  moisture  for  a  moisture  resistant  electrode  seems  much  more  realistic,  considering  the 
reproducibility  of  the  combination  of  the  exposure  test  variability  and  the  coating  moisture  test 
variability.  It  is  also  unrealistic  to  expect  an  electrode  to  meet  the  same  benchmark  both  before  and 
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CONCLUSION 


Internationally,  standardization  of  measurement  for  assessing  the  low  hydrogen  quality  of  welding 
of  However,  corresponding  standardization 

bencEis  7“^“?"^'' The  proliferaL  of  numerous 

toarks  seems  to  reflect  a  lack  of  appreciation  for  the  reproducibility  of  measurement 

~o“p -mr  based  uponl  logarirbrnio  sr:"; 
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Copper  block 


98 


Fig.  1  Welding  fixture  and  testpiece  assembly  for  weld  deposits  made  with  energy  inputs  up  to  2.0  kJ/mm. 


Key 


# 


-  VVater  cooling 


Materials 

A.  Copper  • 

B.  Mild  steel 

All  dimensions  are  in  millimeters. 


Fig.  2 


Welding  fixture  and  testpiece  assembly  for  weld  deposits  made 
inputs  greater  than  2.0  kJ/mm  up  to  3.0  kJ/mm. 


with  energy 


Notes  to  Figure  2: 


Note  1.  Overall  weld  traverse  is  200  mm  for  SAW.  and  140  mm  for  GMAW. 


Note  2.  1  mm  copper  foil  inserts  (not  shown) 
thick  test  piece,  or  300  mm  x  45  mm  for  15 


for  SAW  are  300  mm  x  40  mm  for  the  1 0 
mm  thick  test  piece. 


mm 


Note  3.  The  mn-off  bead  length  shall  be  such  that  the  trailing  end  of  the  crater  is  on  tt 
run-off  piece  but  within  25  mm  of  the  test  piece.  See  Distant  D  in  Figure  1  for  claritj 
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Figure  4.  Equations  2,  3,  and  4,  Correlating  Diffusible  Hydrogen  by  Glycerin  with 
Diffusible  Hydrogen  by  the  IIW  Method 
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Coating  Moisture,  Percent 

Figure  5.  AWS  Round  Robin  of  As-Manufactured  Coating  Moisture  versus  Diffusible 
Hydrogen,  with  Equation  5 
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Figure  6.  As-Manufactured  Coating  Moisture  and  Exposed  Coating  Moisture  versus 
Diffusible  Hydrogen  by  IIW  Method  (Ref.  13) 


Figure  7.  Critical  Cracking  Stress  versus  Diffusible  Hydrogen  (Ref.  13) 
Left;  Diffusible  hydrogen  plotted  using  a  linear  axis 
Right;  Diffusible  hydrogen  plotted  using  a  logarithmic  axis 
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INTRODUCTION 


Because  of  its  low  mass  and  low  atomic  number,  hydrogen  is  difficult  to  detect  by  most 
modem  physical  methods  of  analysis.  Hydrogen  has  too  low  a  Z  to  emit  either  X-rays  or 
Auger  electrons.  It  is  too  light  for  Rutherford  backscattering.  It  cannot  be  detected  by 
neutron  activation.  To  further  complicate  its  analysis,  hydrogen  is  a  nearly  ubiquitous 
contaminant  in  analysis  chambers.  Hence,  effective  analysis  requires  not  only  that 
hydrogen  be  detected  and  quantified,  but  also  that  the  location  of  the  hydrogen  within  the 
sample  be  determined.  This  situation  has  led  to  development  of  a  number  of  MeV  ion 
beam  analysis  techmques  which  are  particularly  well  suited  for  measurement  of  hydrogen 
concentration  profiles  in  solid  samples.  The  purpose  of  this  paper  is  to  give  a  brief 
overview  of  these  methods  with  the  hope  that  through  subsequent  discussions,  it  will 
become  clear  if  these  methods  can  be  usefully  applied  to  the  hydrogen  in  weldments 
problem. 

There  are  two  distinct  approaches  that  use  MeV  ion  beams  to  probe  solids  for  hydrogen 
One  is  nuclear  reaction  analysis  (NRA)  [  1  ]  and  the  second  is  elastic  recoil  detection 
(ERD)  [2,3].  Both  rely  only  on  the  properties  of  the  nucleus  of  the  hydrogen  atom  and, 
consequently,  are  insensitive  to  how  the  hydrogen  is  bound  in  the  solid  being  analyzed 
This  insensitivity  to  matrix  effects  allows  both  these  methods  to  be  easily  quantified 
without  reference  to  standard  calibration  samples. 


NUCLEAR  REACTION  ANALYSIS 

Nuclear  reaction  analysis  is  shown  schematically  in  Figure  1 


Figure  1 :  A  schematic  representation  of  the  nuclear  reaction  method.  Because  of  an 
isolated  resonance  in  the  cross  section,  hydrogen  concentration  profiles  can  be  determined 
by  measuring  reaction  yield  versus  beam  enf^gy.  From  reference  [1], 


nud^'’l“cZf  "“k  io"^  «»'  undergo 

nuclear  reactions  with  hydrogen  (protons)  in  the  target.  To  be  soecific  the  nt,ri^ar 

reaonon  rne^od  will  be  diseneeed  .o  ite.ra.e  .he  m!.hod  ReaSbaS  onZtLs 

of  F  and  Li  have  also  been  used.  For  recent  reviews,  see  references  [4.5], 


The  N  NRA  method  relies  on  the  nuclear  reaction; 
N  +  H  — >  *^C  +  ^He  +  y-ray. 


(1) 

rte  HfelH  of  “  P™’’' "■=  “  bombarded  with  “N  and 

the  yield  of  charaetenstie  gamma-rays  is  measured.  The  cross-section  for  th^rlo. 

veiy  small,  except  at  a  particular  “N  enerav  fd  iss  J.tn  •  .w  °  *“  " 

With  surface  H  because  the  beam  energy  is  too  high  Hotever  as  thS  ioTn  'TT' 
the  sample,  they  lose  energy  reaching  the  resonance  energy  at  some  depth  Now  Te  vllld 
of  gamma-rays  from  this  reaction  is  proportional  to  the  hydrogen  content  at 


Figure  2:  Typical  NRA  hydrogen  profilin 
data,  showing  both  raw  data  (counts  vers, 
beam  energy)  and  final  profiles  (hydrogen 
concentration  versus  depth).  The  upper 
figure  is  a  profile  for  a  Si  sample  implante 
with  10  H/cm^  at  40  keV.  The  lower 
figure  is  a  profile  of  a  thin  film  of 
hydrogenated  amorphous  Si  with  the  solid 
datum  a  repeat  measurement  made  after  th 
profile  had  been  completed.  From  referem 
[4]. 
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The  analytical  characteristics  of  this  method  depend  to  a  degree  on  the  particulars  of  the 
sample  being  analyzed,  the  amount  of  beam  used,  and  the  detector  used  to  measure 
the  gamma-rays,  but  as  commonly  practiced,  this  method  has  a  sensitivity  on  the  order  of 
100  ppm  (atomic),  a  depth  resolution  on  the  order  of  100  A,  and  a  maximum  probing 
depth  on  the  order  of  3  microns. 


ELASTIC  RECOIL  DETECTION 

The  elastic  recoil  detection  (ERJD)  method  is  shown  schematically  in  Figure  3. 


•Figure  3:  A  schematic  representation  of  the  usual  ERD  method  for  glancing  angle 
geometry.  From  reference  [3]. 


ERD  relies  on  elastic  scattering  between  the  incident  ion  and  protons  in  the  target  to 
scatter  (recoil)  some  of  the  protons  out  of  the  target  where  they  are  detected.  Simple 
twobody  kinematics  determines  the  energy  of  the  recoiling  protons  to  be; 

E  =  {4Mm  cos^0/(m+M)^}Eo  (2) 

where  M  is  the  mass  of  the  incident  projectile,  m  is  the  mass  of  the  recoiled  target  atom 
(hydrogen),  0  is  the  angle  between  the  beam  direction  and  the  detector  and  Eo  is  the  beam 
energy.  For  illustration,  assume  the  incident  beam  is  2  MeV  “‘He  and  the  detection  angle  is 
30  .  From  the  formula  above  it  follows  that  the  recoil  protons  have  an  energy  of  0.96 
MeV.  It  is  important  that  protons  of  0.96  MeV  have  about  twice  the  range  (6.5  microns 
in  iron)  compared  to  the  2  MeV  He  incident  beam.  This  large  range  difference  allows  for 
simple  and  complete  identification  of  recoil  protons  from  the  much  more  intense  flux  of 
elastically  scattered  incident  ions.  This  identification  is  accomplished  by  placing  a  thin  foil 
(particle  filter)  in  front  of  the  detector.  The  thickness  of  this  foil  is  chosen  such  that  recoil 
protons  pass  through  this  foil  but  ^He  cannot. 


Depth  profiling  is  possible  since  the  energy  of  protons  that  have  recoiled  out  of  the  target 
is  reduced  from  that  of  formula  (2)  because  both  the  incident  “He  and  recoiling  *H  lose 
energy  as  they  penetrate  the  target.  Hence  the  energy  spectrum  of  recoil  protons  can  be 
read  as  a  depth  profile  with  the  highest  energy  protons  coming  from  the  surface  and  lower 
energy  protons  coming  from  deeper  within  the  target. 

Figure  4  shows  a  typical  ERD  spectrum  [6]  showing  both  data  (counts  vs  energy)  with  a 
superimposed  depth  scale  (across  top  of  figure)  and  approximate  H  concentration 
indicated  within  the  figure. 


DEPTH  (m] 


Figure  4:  An  ERD  spectrum  recorded  from  a  sample  of  V  electrolytically  charged  with 
hydrogen  to  VH0.23.  From  reference  [6], 


ERD  for  hydrogen  can  have  extremely  high  sensitivity.  This  follows  because  recoil  cross 
sections  are  large  and  background  in  particle  detectors  is  low.  However,  as  commonly 
practiced  (using  a  geometry  similar  to  that  shown  in  Figure  3),  ERD  has  a  relatively  poor 
sensitivity.  This  poor  sensitivity  comes  not  from  the  lack  of  signal  but  rather  from  the 
incomplete  separation  of  signals  from  bulk  hydrogen  from  signals  from  the  universally 
present  layer  of  surface  hydrogen.  What  happens  is  that  the  tail  from  the  surface  hydrogen 
peak  extends  into  the  bulk  of  the  sample  making  it  difficult  to  measure  low  levels  of 
hydrogen  present  there. 


There  are  at  least  two  approaches  that  can  be  used  to  improve  the  sensitivity  of  ERD. 

One  is  to  replace  the  low  energy  resolution  detection  system  (consisting  of  a  “particle 
filter”  followed  by  a  surface  barrier  detector)  with  a  higher  energy  resolution  detector. 
This  has  been  done  at  low  energy  by  Ross  [7]  who  replaced  the  foil  used  as  a  particle  filter 
with  a  purely  electromagnetic  (E  x  B)  filter  which  rejects  the  elastically  scattered  particles 


but  passes  the  recoil  protons.  This  E  x  B  filter  has  the  great  advantage  of  passing  the 
recoil  protons  without  changing  their  energy.  Use  of  a  material  foil  filter  has  the 
unfortunate  consequence  of  introducing  considerable  energy  straggle  (i.e.  fluctuations  in 
the  energy  loss)  of  protons  that  pass  through  the  foil.  This  straggle  is  a  primary 
contributor  to  the  depth  resolution  of  the  method.  At  MeV  incident  energy,  Cosset  [8] 
at  NRL  has  used  a  magnetic  spectrometer  to  measure  recoil  protons.  This  provides  both 
higher  energy  resolution  than  the  usual  surface  barrier  detector  and  automatically  filters 
out  the  elastically  scattered  particles.  Both  the  E  x  B  filter  and  magnetic  spectrometer 
approaches  have  demonstrated  dramatic  improvement  in  depth  resolution  (to  a  few  nm) 
but  apparently  have  not  yet  been  applied  to  get  high  sensitivity. 


Transmission  Geometry 

The  glancing  angle  geometry  is  convenient  in  that  it  can  be  used  for  any  flat  sample, 
regardless  of  the  sample  thickness.  However,  for  thin  samples  (on  the  order  of  a  few  tens 
of  microns  thick  or  less),  ERD  in  a  transmission  geometry  can  be  used  [6,9].  This 
geometry  is  illustrated  in  Figure  5.  This  geometry  has  several  advantages  over  the 
glancing  angle  geometry  shown  in  Figure  3.  One  advantage  is  that  kinematic  broadening 
of  the  proton  energy  is  much  less.  Namely,  equation  (2)  gives  the  recoil  energy  as  a 
function  of  recoil  angle.  Because  cos(0)  changes  slowly  with  angle  at  0"  but  changes 
rapidly  with  angle  at  30”,  a  much  larger  detector  solid  angle  can  be  used  at  0“  without 
having  a  large  energy  spread  due  just  to  different  recoil  angles.  In  addition,  surface 
roughness  and  multiple  scattering  effects  are  much  less  important  in  a  transmission  vs 
glancing  angle  geometry. 
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Figure  5:  A  schematic  representation  of  a  ERD  setup  in  a  0  degree  transmission 
geometry.  An  advantage  of  this  system  is  the  possibility  of  a  large  detection  solid  angle, 


Figure  6  shows  hydrogen  recoil  data  taken  in  a  transmission  geometry  [9],  This  figure 
shows  the  energy  spectrum  of  recoil  protons  observed  to  come  from  a  13  micron  nickel 
foil  bombarded  with  5.8  MeV  ^He.  This  spectrum  was  recorded  at  0  =  0"  (i.e  the  protons 
recoiled  through  the  13  micron  Ni  foil)  with  a  12.5  micron  Ni  filter  covering  the  detector. 
The  large  peak  at  the  right  side  of  the  figure  comes  from  hydrogen  on  the  surface  of  the  Ni 
target.  To  the  left  of  the  surface  peak,  there  is  a  continuous  low  count  spectrum. 
Converting  these  data  to  hydrogen  concentrations,  the  surface  peak  corresponds  to  about 
2  10  H/cm  at  the  surface  of  the  sample  and  the  low  energy  spectrum  corresponds  to  10 
ppm  (atomic)  of  hydrogen  in  the  bulk  of  the  Ni.  When  this  sample  was  in  situ  sputter 
cleaned,  the  surface  peak  was  reduced  by  an  order  of  magnitude  while  the  bulk  hydrogen 
amount  was  only  reduced  by  about  30%. 


Figure  6:  EM  data  recorded  from  a  13  micron  thick  Ni  foil  bombarded  with  S  8  MeV 
He.  The  to  the  right  comes  from  2  lO"  H/cm’  on  the  surface  of  the  foil.  The  low 
Munts  to  the  left  correspond  to  10  ppm  (atomic)  H  in  the  bulk  of  the  film  From  reference 


LATERAL  SPATIAL  RESOLUTION 

From  the  above,  it  is  clear  that  both  NRA  and  ERD  can  be  used  to  measure  concentration 
profiles  of  hydrogen  in  materials.  MeV  ion  beams  typically  have  a  beam  spot  on  the  order 
of  1  mm  diameter.  Hence,  these  methods  automatically  have  lateral  resolutions  on  the 
order  of  mm,  which  may  be  good  enough  for  some  applications. 

MeV  ion  beams  can  be  focused  down  to  diameters  on  the  order  of  1  micron.  Hence,  in 
principal,  lateral  resolutions  on  this  scale  would  seem  possible.  It  seems  unlikely  that 
microbeam  NRA  for  hydrogen  will  prove  useful.  The  problems  are  both  the  difficulty  in 
getting  usable  currents  of  micron  diameters  heavy  ion  beams  (such  as  '^N)  and  the  more 
fundamental  problem  of  the  high  intensity  radiation  associated  with  such  beams.  Such  a 


high  density  radiation  is  likely  to  cause  the  hydrogen  within  the  sample  to  be  mobile, 
making  quantitative  measurements  difficult  or  impossible. 

However,  because  of  the  very  large  recoil  cross  sections  and  the  lower  energy  loss  rates  of 
He  beams  (compared  with  **N  beams),  analysis  of  hydrogen  by  recoil  using  micron 
diameter  microbeams  should  be  possible.  This  approach  would  seem  to  offer  unique 
analytic  opportunities  for  quantitative  measurement  of  3  dimensional  concentration 
distributions  of  hydrogen  within  solid  samples. 


MeV  Neutron  Recoil 


MeV  recoil  analysis  can  also  be  conducted  using  high  energy  neutrons.  The  approach  has 
been  developed  by  Skorodumov  in  Tashkent  [10,1 1]  and  is  shown  schematically  in  Figure 
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Figure?:  A  schematic  representation  of  a  neutron  induced  ERD  system.  The  AE 
detector  is  used  to  identify  the  recoiling  protons  from  other  possible  ions  (deuterium, 
alphas,  etc.) 


Conceptually,  this  is  perhaps  the  simplest  of  all  methods.  The  sample  to  be  analyzed  is 
bombarded  with  14  MeV  neutrons  and  elastically  scattered  recoil  protons  are  detected. 
Since  the  neutrons  do  not  lose  energy  continuously  (as  charged  particles  do),  essentially 
all  protons  recoils  come  from  full  energy  neutrons.  The  limitations  of  this  method  are  its 
relatively  poor  sensitivity  (due  to  (n,p)  nuclear  reactions  in  the  target  or  the  detector)  and 
relatively  poor  depth  resolution.  However,  this  method  has  the  potential  of  measuring 
hydrogen  profiles  into  depths  of  hundreds  of  microns  on  thick  samples  [11]. 

Figure  8  shows  profiles  of  hydrogen  in  electrolytically  charged  Pd  measured  using  this 
neutron  induced  recoil  method. 


ae 


Figure  8;  Hydrogen  concentration  profiles  recorded  by 
thick  Pd  samples  electrolytically  charged  with  hydrogen 
reference  [1 1], 


neutron  ERD  from  175  micron 
to  various  degrees.  From 


SUMMARY 


The  above  is  intended  to  be  a  brief  overview  of  some  of  the  ways  MeV  ions  have  been 
sed  to  probe  solids  for  hydrogen.  Much  more  technical  detail  is  available  in  the 

iSr.’  t  reviews.  It  is  clear  that  these  methods  have  some  uniqt 

analytical  characteristics  that  have  allowed  their  application  to  supply  needed  informatioi 

rnalX"'^"'H  interesting  to  see  if  any  of  these  methods  can  fill 

analytic  needs  m  the  control  of  hydrogen  in  the  welding  of  high  strength  steels. 


Ill 
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1.  Introduction 


Th  r  ^  f  c  ^  ^ough^  early  1980's,  the  DoD  supported  a  wider  variety  of  research. 
The  Corps  of  Engmeers  (COE)  had  a  full  construction  program  underway  and  there  was 
concern  about  the  presence  of  hydrogen  in  high  strength  welds  and  the  possible  problems  it 
could  cause.  Welding  in  general  was  of  concern  because  the  COE  had  implemeLd  a 
division  of  responsibilities  for  quality  control  between  the  contractor  and  the  COE  The 
contractor  had  sole  reyonsibility  for  quality  control  and  the  COE  took  on  the  role  of  quality 
^surance.  The  large  force  of  experienced  weld  inspectors  was  dwindling  fast  and  the  need 
or  some  type  of  system  to  control  quality  was  becoming  evident.  The  COE  instituted  a 

the  electncal  charactenstics  of  the  weld  arc  and  use  this  information  to  flag  areas  where 

“formation  source  was  very  limited  and  the  light  emitted  from 
the  weld  arc  was  investigated  as  another  data  source  for  the  workings  inside  the  arc  A 

developed  that  looked  at  five  bands  of  the  arc  spectrum 
^  f  nanometers  (nm).  With  this  device  it  was  possible  to  separate 
^d  quantify  segments  of  the  weld  spectrum  and  to  cofrelate  the  energy  distribution  among 

weld  d  Parametp.  This  suggested  that  it  may  be  possible  to  classify 

th-  u  ^‘^tobution  in  the  arc  spectrum.  To  supplement  and  extend 

USApfr/  ^*?-totolution,  microprocessor-controlled  spectrograph  was  developed  by 
USACEI^.  This  device  made  possible  detailed  studies  of  the  near-infrared,  visible,  and 

th^n^d^t  driving  force  in  the  development  of  the  spectrograph  was 

the  need  to  determine  the  extent  of  hydrogen  in  welding  arcs  and  how  this  related  to  the 
amount  of  hydrogen  remaining  as  a  residual  in  the  weld  metal. 

2.  Instrumentation 

A  high  resolution  spectrograph  was  constructed  and  interfaced  with  a  Digital 
Equipment  Co.  LSI  11/23  microprocessor.  This  system  made  it  possible  to  monitor  the  weld 
c  spectrum  m  real  time.  Hardware  and  software  were  developed  to  permit  the  computer  to 
also  monitor  the  arc  current  and  voltage,  and  to  calculate  weld  quality  parameters. 

.u  ^  !  schematic  of  the  spectrographic  system.  The  light  from  the  weld  arc 

IS  gathered  by  a  lens  and  focused  on  the  end  of  a  non-coherent  fiber  optic  bundle.  The  bundle 
IS  designed  to  withstand  the  high  temperatures  near  the  weld  arc.  The  bundle  terminates  at  a 
monoc^ornator  entTMce  slit.  The  light  is  shown  on  a  concave  holographic  grating  that 

ann  r  component  wavelengths.  The  grating  used  for  the  early  work  was  a 

400  line  diffiaction  grating.  The  later  work  required  more  resolution  so  a  1200  lines/in  0  32- 

‘^^^^^‘^^ton  grating  was  instaled.  Higher  resolution  can  be  attained  with 
a  diffraction  grating  that  has  2400  lines/in.  but  the  higher  resolution  requires  more  light  be 
conducted  into  the  monochromator  for  useful  information  to  be  gather  by  the  photodiode 
array.  The  exit  slit  of  the  monochromator  was  replaced  by  a  linear  photodiode  array.  A 
section  of  the  spectrum  600  nm  wide  with  the  low  resolution  grating  and  500  Angstroms  (A) 
wide  with  the  high  resolution  grating  is  imaged  onto  the  photodiode  array.  The  grating  can  be 
rotated  to  allow  the  entire  spectrum  to  be  observed  from  near  infrared  to  ultraviolet  The 
photodiode  array  contains  1024  separate  diodes  that  can  be  scanned  at  a  frequency  of  up  to 


char^SeXTjrFif  :T  '■  ^  "’' 

.050^,  T,.UghJu.eoraticalf2oItfo„tf;^^^^ 

scanning  rate  increases  Typically  the  photodiodes  decreases  as  the 

waJd  arc  spacmm.  could  bc^^^pL  onSTc^f  l^LTn  ‘“J" 

succesaivcsca„swcrcuaual.,av'’erag:d“Slt^^^^^ 

such  tha^SSTdilSlto^^^^^^  wavelength.  Resolution  of  the  system  is 

curve  is  calculated  and  this  value  is  used  ilfth  ®  The  area  under  the 

arc.  An  argon  line  nearby  the  hvdroeen  line  •  ^  ^  quantity  of  hydrogen  in  the 

b^kground®  la  mcasu,:?Lt£r li“^^ 

3.  Experimental  Work 

papcri!rul.:fontX:S°^^^^^ 

resolution  diffraction  eratinp  The  lact  •  expenments  used  the  Low 

grating.  All  experiments  4e  conducted  STSliTlo^n?  ''“'“‘7 

depositing  bead-on-plate  welds  The  weldina  ch-  gas  metal-arc  welding  system 

0.062 jncLiameter  ETOsT  was  Ar-2%  O,.  The  electrode  was 

Experiment  1 

tite  resul7chCrS“^  “T'””'  ■*'' 

stabilized  at  300  A  welding  cun4t.  Dam  wi  Ltaed'to  “oT  Daa“"'“*’ 
about  30  sreri“^rnZ?r„:f4o7^'’  ^  »■  ^• 

mto  the  cxpeSSgZZ^ddtrSZ' Jifle  Ltll  grfl!:^g“  r  "  ' 

5b  shows  the  spectrum  at  29.7  s  when  the  shieid  gas  has  been  shut  off  ThefnZ/t' 

wavelength  spectra  is  evident  when  the  shield  gas  is  removed  TotaK„e7  ^ 

vs  time  in  Figure  6  for  the  wavelength  range  of  700  tZooZ  w  ?n 

energy  is  evident  when  the  shield  gL  isZZff  fI  rvT'  7  '  7 

ranee  of  814  to  8i^  nm  'tu  ^  Figure  7  shows  the  total  energy  for  the 

whf„.eshi;rgr.tZ:T^rr^^^^^^^^ 
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nmowband  filter  and  photodetector  to  measure  the  spectral  energy  in  this  region  and 

determine  the  presence  or  lack  of  shield  gas.  energy  in  mis  region  and 

Experiment  2 

The  second  experiment  was  designed  to  detennine  the  correlation  between  heat  innut 
?o?36  “a  en.gy  emitted  ftom  die  are.  For  this  experiment,  the  cX  wS  ^^d 

V^^d^from  constant  at  10  iit./min.  The  heat  input 

expermiOTt  Ftgure  9  shows  the  total  energy  vs  time  for  the  entire  spectrum.  The  energy  goes 
doTO  K  the  heat  mput  nses  because  by  changing  the  cuirent  and  nothing  else  the  arc  lengft 
in  shortened  as  the  wtre  ntoves  into  the  overdriven  mode  and  the  are  may  e™  bi^teel/* 

t  ^rXtndl  '«'>■  ““Sy  w»old  -ch 

Experiment  3 

The  third  experiment  described  here  took  advantage  of  the  finer  aratina  to  a<ot  Kratt 
reso  ution.  This  grating  put  a  50  nm  bandwidth  onto  the  photodiode  array  instead  of  600  Zn 
ms  expenment  was  designed  to  determine  if  the  system  could  detect  the  prereti  of 

V  “  "cW  nre.  The  weld  shield  gas  was  modi&d  with 

y  ogen  a^ttions  by  volume.  The  hydrogen  was  increased  in  the  shield  gas  in  'A  % 

merements  ftom  0  to  3  %  additions.  The  test  run  lasted  approximarely  25  s  duiJng  llch 

^Tcu^Srw“reTv3'^oT'f’'“l  “  ““f  "'““S  '-‘^ncs  for  weld  voltage 

and  current  were  30  V  and  300A.  Travel  speed  was  varied  from  4  ipm  to  24  ipm. 

h  prominent  lines  in  the  visible  region  of  the  spectrum  and  either  one 

concentration.  One  is  the  Balmer  series  alpha  line  at  6563  A  and 
Ae  other  IS  the  Balmer  series  beta  line  at  4861  A.  The  beta  line  could  not  be  used  for 

ntertered.  Additionally,  there  are  several  argon  emission  lines  in  the  region  of  the  aloha  line 
that  can  be  used  for  normalization.  Figure  10  is  a  spectral  sample  taken^th  the  ^ 

^  concentration  of  2.0o/o  The 

'h—  ”r!  ®  hydrogen,  argon,  and  iron.  The  hydrogen  line 

by  far  the  broadest  Ime  in  the  spectrum.  It  is  due  to  the  Stark  broadening  mechLsm. 

thA  of  expenmental  runs  were  performed  and  the  data  analyzed.  Figure  1 1  is 

e  graph  of  the  relative  intensity  of  the  hydrogen  line  vs  hydrogen  concentration  fn  the  weld 

?  "°"^^hzation  of  the  data.  Normalization  is  done  by 

ividing  the  hydrogen  intensity  by  the  intensity  of  a  nearby  spectral  line.  To  be  effective 
intensity  vanations  in  the  ratioing  line  should  be  highly  correlated  with  variations  in  L  ’ 

S°Z!r'  H  ^  coefficients  between  the  intensity  fluctotions 

of  hydrogen  and  the  major  iron  and  argon  lines  in  the  vicinity  of  the  hydrogen  line  The 

co^elation  coef^ients  for  the  argon  line  at  6965  A  is  the  most  highly  correlated  withfoe 
hydrogen  Ime.  ms  probably  anses  from  two  factors.  The  first  is  the  excitation  energies  of 

fv  Tn^Aes^Z^T  '''  '’5'*°8en  line  excitation  energy  is  [2 

e  V.  Since  these  two  values  are  close  the  temperature  dependence  of  the  two  lines  should  be 

simil^.  Second,  the  argon  lines  are  from  the  argon  in  the  shield  gas  while  the  iron  lines  are 

from  the  iron  vapor  in  the  arc  atmosphere -from  the  weld  wire  and  the  base  metal  The  shTeld 


frgonZttoukU^fa'^ifr'^  “P'‘“  'h=  volume  of 

ra«oof.eM.,e„,l„eSi;tT^^^ 

R  =  . ."....!. 


^A  "  Ifi 


Where  I  is  the  intensity  profile  for  each  line  and  the  background. 


Table  1 

Correlations  Coefficients  between  Hydrogen,  Argon,  and  Iron 


Element 

X 

1  %  Hydrogen 

P 

2  %  Hydrogen 

P 

Argon 

6965  A 

0.8380 

0.900 

Argon 

6752A 

0.8264 

0.831 

Iron 

6495A 

0.0500 

'  0.0183 

Iron 

6546A 

0.3451 

0.4319 

Iron 

6593A 

0.0702 

-0.6754 

Iron 

6678A 

0.0308 

-0.2468 

hvftmo  ‘"tensity  ratio  given  by  the  above  equation  is  plotted  in  Figure  12  versus  the 


Table  2 

Results  of  Linear  Regression  Analysis  of  Intensity  Ratio  and  Concentration 


Data  Set 

Slope 

Intercept 

Coefficient  of  Determination 

1 

0.7974 

0.0283 

0.98 

2 

0.7548 

0.0363 

0.97 

3 

^  0.6819 

0.1156 

0.97 

Combined 

0.7501 

0.0010 

0.97 

4.  Conclusions 


u  1  ♦  spectroscopic  teclmique  described  in  this  paper  is  capable  of  measuring  the 
absolute  hy^ogen  concentration  in  the  weld  arc  plasma  in  the  range  that  has  been  shown  to 
cause  weld  failure  (0.1%  to  0.2%  of  the  shield  gas).  The  techniques  described  in  this  paper 
can  be  applied  to  other  constituents  in  the  weld  plasma  and  used  to  determine  the 
concentrations  in  the  arc.  Additional  work  not  presented  here  included  correlating  the 
amount  of  hy^ogen  in  the  arc  plasma  to  residual  amounts  in  the  weldment,  determination  of 
consistency  of  flux  distribution  in  flux-cored  electrodes,  and  determination  of  oxygen 
concentrations  in  zirconium  welds.  ^ 


Figure  1  Block  diagram  of  the  monochrometer. 


Figure  2.  Photodiode  array  optical  responsevs  wavelength. 
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Figure  3.  Optical  fiber  transmittance  vs  wavelength. 
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Figure  4.  Variation  of  voltage  and  current  vs  time  showing  interuption  of  shield  gas  flow. 


Figure  5.  Typical  example  of  the  arc  emission  spectra,  a)  Spectrum  obtained  when  shield 
gas  is  on.  b)  Spectrum  obtained  when  shield  gas  is  turned  off 


time  (•) 

Figure  6.  Total  enerp  vs  time  for  the  spectral  segment  from  700  to  1000  nm  showing  the 
change  with  loss  of  shield  gas.  oiiuwiiig  me 


time  (t) 

Figure  7.  Total  energy-  vs  time  for  the  spectral  segment  from  814  to  816  nmshowing  the 
change  with  the  loss  of  shield  gas. 


TIME  (s) 

Figure  8.  Variation  ot  the  arc  voltage  and  current  with  time  for  the  second  experiment, 
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Figure  9.  Vanation  of  the  total  energy  in  the  spectral  segment  400  to  1000  nm  vs  heat  input. 


wavelength  (Z) 


Figure  10.  Sample  from  spectral  segment  6475  A  to  6975  A  with  2%  hydrogen  added  to  the 
shield  gas. 
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Figure  11. 


Hydrogen  line  intensity  vs  hydrogen  concentration  in  the  weld  arc. 


concentration  in  the  weld  arc. 


Figure  12.  Intensity  ratio  vs  hydrogen 
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CONTROL  OF  HYDROGEN  CRACKING  IN  COLLINS  CLASS 

SUBMARINE  WELDS 


by  B.F.  Dixon  1  and  J.S.Taylor^ 


reviewing  procedure  qualification  test  records  for  any 
elationship  between  composition  and  weld  mechanical  properties.  It  was  found  that  a 
wide  vanation  in  weld  metal  yield  stress  may  occur  dirinf  fabrication  wift  690  I^a 
vSom  sufficient  to  hide  any  effect  of  minor  compositional 

deposited  on  an  experimental  fabrication  using  0.1%  carbon  electrodes 
^d  a  wide  range  of  weldmg  procedures  have  been  examined  exhaustively  by  ultrasonic 
testing  and  negligible  evidence  of  cracking  was  found.  ^  ^ 
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CONTROL  OF  HYDROGEN  CRACKING  IN  COLLINS  CLASS 

SUBMARINE  WELDS 


by  B.F.  Dixon  and  J.S.Taylor 


1 .  INTRODUCTION 

”«  taponam  fac«,r  ta  fc 

ifSSs-SSSSilMs^s'l 

crack  and  the  skill  of  the  oneramr  n  ic  f  presence  ot  other  reflectors  close  to  the 
that  minimize  the  risk  of  hydrogen  cracking.  ^  ^  procedures 

2 .  STEELS  AND  WELDING  CONSUMABLES 

Tte  fcuf^'iSd  ml  ':o"aumables. 

The  second  Steel  is  a  conventional  quenched  and  temoered  steel  similar  tn  rrv  so  a 
designated  HY  590  ('comnnsifion  in  n  simuar  to  HY  80  and 

elemeS^wtch  « te  B™' 
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Most  ot  the  welding  on  Collins  is  undertaken  using  the  submerged  arc,  FCA  and  MMA 
processes  and  a  relatively  small  amount  of  welding  fabrication  is  undenaken  using  the  GTA 
process.  GMA  and  welding.  In  this  work  welding  is  undertaken  using  the  subrnerged-arc 
(SA)  and  manual-meta^  arc  (MMA  or  ‘shielded  metal  arc’,  SMA)  processes.  The'”  MMA 

FooTs  ^  hydrogen  welding  electrode^ 

ScomLcSo?f2i^naf  "*  wire  combined 


Figure  1  Segment  of  submerged-arc  weld  which  has  been  polished  down  from  the 
weld  surtace  to  reveal  subsurface  transverse  cracking.  These  particular  cracks  have  been 
deliberately  created  by  adding  iron  powder  to  the  weld  deposit  (For  details  see  Ref.  5). 


2 .  HYDROGEN  CRACKING 

Hydrogen  cracking  [also  known  as  Hydrogen  Induced  Cold  Cracking  (HICC)l  occurs  bv 
en^apment  of  hydrogen  atoms  in  the  weld  zone.  It  may  take  very  small  quantities  of 
contaminants  such  as  moisture,  rust,  paint,  dirt,  etc.)  to  cause  cracking 
which  may  wcur  in  weld  metal  or  base  material  heat  al'fected  zone  (HAZ)  next  to  the  weld’ 
etfective  way  to  prevent  cold  cracking  in  high  strength  steel  is,  therefore,  to  keep 
the  hydrogen  contamination  low,  which  means  careful  control  of  electrodes  and  fluxes,  and 
a  high  level  ot  cleanliness.  Hydrogen  soaks  out  of  the  weld  over  a  period  of  days  or 
V-  temperature,  so  the  risk  gradually  disappears.  In  practice  it  is 

ciaclang  may  occur  up  to  seven  days  after  completion  of  the  weld.  Therefore 
delayed  at  let^t  48  hours  alter  welding  in  order  to  increase  the  probability  of 
detecting  nearly  all  ot  the  statistical  population  of  cracks  that  are  likely  to  form. 

maditionally  considered  to  be  the  most  potent  of  the  crack-promoting  alloying 
elemcnLs  Furthermore,  other  elements  are  considered  to  be  crack-promoung  in  proportion 
hardenabihty.  Two  lormulae  are  commonly  used  for  estimating  the 
ellcct  ot  carbon  and  the  other  alloying  elements  on  crack  sensitiyiiy.  Both  are  based  on 


CEiiw  =  C  +  ~ 


Cr  +  Mo  +  V  Cu  +  Ni 
5  +— 13 — 


....  (1) 


formula,  attributed  to  Ito  and  Bessyo  [6]  is  said  to  be  more  anoroDiiate  for 
quenched  and  tempered  (QT)  steels.  As  shown  in  Equation  2  this  forrnula^has  less 

elements  (e.o  tSn4nS^  Md  nickel 
IW  Zir  “‘‘'■boron.'noTSvercd  by  in 


P  cm 


r  ■  Mn  +  Cu  +  Cr  Si  Ni 

20  +3(7+6^ 


Mo 

15 


_V 

10 


5B 


(2) 


Sate^lh^rTsVolTirr'^n  h  f compositions  to 
estimate  me  nsk  ol  HICC  in  weld  and  heat  aMecied  zone  material,  they  show  that  more 

highly  alloyed  base  met^s,  such  as  HY-100,  would  be  expected  to  have  greater  rnrv 

sensitivity  than  comparatively  lean  formulations,  such  as  BIS  812  EMA  This  is  found  in 

pracuce,  and  the  nsk  parent  metal  cracking  in  these  steels  is  found  to  be  relatively  ^ol 


Figure  2  ,  Graph  showing,  for  three  different  plate  thickne.ss  the  time  reouirpd  ,■ 
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TABLE  1:  TYPICAL  COMPOSITION  AND  MECHANICAL  PROPERTIES 
OF  STEELS  AND  ALL-WELD-METAL  WELD  DEPOSITS. 


a)  TYPICAL  COMPOSITION  (weisht  percent) 
Element  BIS8I2EMA  HY  590 


0.13 
0.24 
0.93 
0.01 
0.002 
0.48 
1.28 
0.39 
0.02 
0.01 
0.21 
0.07 
0.0 1 

0.0066 

^3  ppm. 

0.009 

Bal 


0.17 

0.24 

0.29 

0.007 

0.002 

1.39 

3.06 

0.50 

0.008 

0.002 

0.06 

0.001 

Nil 


MMA  lllier 
E  12018-M2 
0.04 
0.20 
1.55 
0.010 
UMS 
03 
3.67 
0.26 
0.01 


MIL-120S-1  filler 
OP  121  TT™  Hux 
08 
04 
IJA 
O09 
OU4 

OI 

r72 

02 

<oi 

OOl 

0.02 

<0.01 

0.0081 
<3  ppm 


# 

0.2  9c  proof 
stress  (MPa) 

750 

700 

UTS 

(MPa) 

840 

800 

Elongation 

(A5,‘/l) 

IX 

r  18 

Charpy  impact  enerey  (J) 
at-18°C  I  9 

-51°C 

-60°C  I  75 

-84°C 


However,  the  filler  metal  lormulations  used  for  .steels  of  similar  strength  level  are  identical 
weld  deposits  in  BIS  812  EMA  are  found  to  have  a  crackina  risk  similar  to  weld*^  in 
traditional  quenched  and  tempered  .steels,  such  as  HY-100,  when  the  same  weldin^ 
procedure  is  used  lor  both  parent  metals.  ^ 


•'  Note  that  weld  metal  mechanical  properties  may  vary  slightly,  depending  upon  the 
procedures  actually  employed  lor  welding  of  test  coupons  and  the  preci.se  l(x:ation  of  test 
specimens  in  the  weld  joint. 
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SnSon  ^n,i  ihfv  “"'P^ilion  of  sleel  and  ruler  nieuU  used  ,n 

meu  Se  retmmMIiiv  for^  "'T  of  Ihe  llux  and  filler 

meui.  ihe  respoasibiiiiy  tor  Meel  and  electrode  quality  resides  with  the  suppliers. 

^l!rica^inrf  control  over  welding  procedures  employed  durine 

rabrication.  pey  can  also  ensure  that  the  correct  electrode  handling  nrocedures  -ire 

followed  and  that  weld  cleanliness  is  maintained  at  all  Umes  "  procedures  are 

vSus  emSi  f understood  and 

various  empincal  methods  lor  determining  preheat  levels  for  given  combinatinnc  nf  nrr’ 

aI!oirHA?criSf8?°"Ti^^™^^^^  ?  ^  successfully  used  to 

uiu  cracKing[7,6].  The  risk  ol  hydrogen  cracking  in  weld  mpta?  k  Ipcc  «/pii 

understood  and  further  work  is  required  to  establish  rules  forihe  control  of  cracking. 

Hydrogen  cracking  in  conventional  structural  steels  is  often  controlled  bv  reoulatino  thp 
inXr  nl  T'  ^  «'  '’“•O  ‘I'P  lemperame  of  Si  weTdLm 


Arc  Energy  =  A  x  V  x  60 

^  1000  X  Travel  speed 


....(3) 


Low  heat  input  and  interpass  temperatures  allow  the  weld  bead  to  cool  nnirHv 
weld!  Seby^iJIasdmJ*!^^^  """j!  ‘^y^^^ogen  in  the 

xuch  as  in  small  repair  welds,  where  preheat  is  maintained  only  for  short  nerlod?'  TtC 
rogor  joints  such  as  ionsitudinal  and  circumferential  seaneld/ii  JreLu  e'^vSs^  s  iS^ 

S?4Sc'rStlStt'l^;tS  c'oEsSly't; 

c  U  ).  Tcnsilt  tests  on  weld  procedure  qualification  coupons  might  therefore  be 
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screened  for  evidence  of  excessive  strength  (high  yield  and  tensile  stress)  or  reduced 
ductility  (as  measured  by  low  values  of  elongation'or  reduction  in  area). 


Figure  3  Unsealed  graph  (after  Reference  lU)  showing  the  effect  of  preheat  and  heat 
input  on  weld  zone  properties.  Acceptable  properties  are  only  obtained  in  the  shaded 
region. 


This  investigation  specifically  set  out  to  study  the  elfect  of  a  small  variation  in  carbon 
content  on  the  risk  ol  hydrogen  cracking  in  the  resulting  weld  deposits.  It  was  presumed 
that  weld  deposit  tensile  stress  could  be  used  as  a  measure  of  sensitivity  to  embrittlement 
and  cracking. 

4.  INVESTIGATIONS  UNDERTAKEN 

4. 1  Weld  Metal  Yield  Stress 

There  is  a  minimum  yield  stress  requirement  t)f  690  MPa  for  weld  metal  in  the  QT  steel 
plate  used  tor  the  COLLINS  submarines,  and  a  maximum  yield  stress  value  of  900  MPa 
has  been  prescribed  in  order  to  minimize  the  risk  of  stress  corrosion  cracking. 

Welding  procedure  qualification  records  provide  information  on  filler  type,  brand  and  batch 
number;  weld  joint  design;  detailed  records  of  actual  welding  parameters;  and  mechanical 


SSont rwei“?evKed  '"  '«* 

S„T„  “'^“he^qSS  pr^edTes 


Yield  Stress  Range,  MPa 

a)  E12()18.M2  Manual  Metal  Arc,  All  Welding  Procedures 


b)  E120S-1  Submerged  Arc,  All  Welding  Procedures 


Figure  4.  DistribuUon  of  Yield  stresses  Ibr 
natching  are  outside  the  specified  range. 


UJl 


metals.  ResulLs  with  cross 


# 


of  abo^vslmpr  weldf  UeTfewSS  resuhs^  mean  value 

the  mean  value  (about  760  MPa),  was  slightly  lower  than  for  t^e  MMA  weldl  '  ' 

the  COL^INS^"ubS^^^^^  GMAW  is  not  u^ed  in  fabrication  ot 


9 


9 
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TABLE  2(a) 


Tensile  Test  Results  for  Welding  Procedure  1  (an  SA  weld) 


Qualification  Test  Results 

Yield  Stress 
Tensile  strength 
Elongation 
Reduction  of  Area 


1(a) 

[Original  result] 
928  MPa 
1024  MPa 
207r 
55% 


Kb) 

[1(a)  Retest] 
725  MPa 
841  MPa 
24% 

72% 


table  2(b)  Tensile  Test  Results  for  Welding  Procedure  2  (an  MMA  weld) 


Qualification  Test  Results 

Yield  Stress 
Tensile  strength 
Elongation 
Reduction  of  Area 


[Original  result] 
908  MPa 
1006  MPa 
18% 

61% 


[Kb) 

[2(a)  Retest] 
772  MPa 
821  MPa 
217f 
65% 


Hardness  (Hy) 

Figure  5.  Relationship  ^iween  yield  stress  and  hardness  for  procedure  oualifirminn 

considerable  scatter,  hardness  generally  increases  with  yield  stres-; 
The  E12018  electrode  deposits  are  clearly  harder  than  the  three  E10018  deposits^ 


Sas  wPldpfS [Designated  1(a)  in  this  repon]  which  exceeded  900  MPa 
^  u  t2(a)]  was  with  the  SA  process.  In  view 

01  the  concern  about  high  yield  stress  in  weld  deposits,  it  was  decided  to  re-test  these 

rS^P?SeTi?f  f  ofqualilication  trials.  Repeat  tensile  results  ol  Procedure 

and  Procedure  2  ,  as  shown  in  Table  2,  were  much  lower  than  the  orioinal  results  and 
easily  meet  the  existing  requirements.  un^mai  results  ana 

The  welding  conditions  for  Procedure  1  and  Procedure  2  were  also  compared  with  other 
successtul  procedure  tests,  to  see  it  the  high  yield  stress  could  be  attributed  to  the  wav  in 

interpass  temperatures  and  actual  batches  u^ed 
were  examined  in  detail,  however  no  technique  differences  could  be  found  Other  than 

of  results,  no  explanadon  can  be  offered  at  this  stage  for  the 
hi^h  values  ol  yield  stress  in  these  particular  weld  deposits. 

The  relationship  between  hardness  and  yield  stress  for  all  of  the  procedure  Qualification 
tests  IS  presented  in  Figure  5.  It  is  clear  thau  for  the  E12018  electrode  foStS^^^^^^^ 
this  work,  considerable  scatter  may  occur  in  both  hardness  and  yield  stress  The  linear 
regression  lor  E12018  electrode  data  is  shown  in  Figure  5,  and  die  sSanc^L  low^ 
However,  the  results  in  Figure  5  clearly  show  that  the  El 20 18 ‘'formulations  are 

stronger  than  the  E10018  formulations.  Problems  of  hydrogen 
tracking  and  stress  corrosion  cracking  are  therefore  more  likely  to  occur  in  the  E 1201 8 
random  vanations  cause  local  hard  or  high  stress  regions  to  occur 
Sarodes"^^^^^*^  therelore  placed  on  inspection  of  welds  deposited  with  the  E120»8 


4.2 


Comno.sition  of  Filler  Mptak 


Chemical  analysis  ol  Heat  B  tiller  wire  has  been  compared  with  analyses  of  other  heats  of 
the  same  wire  and  the  relevant  specification  {MIL-E-23765/20)  in  Figure  6.  Fig  6(a) 
shows  that  the  carbon  content  ol  Heat  B  is  slightly  higher  than  the  other  wires  examined 

specification.  Comparison  of  carbon  equivalent  values  according 
to  the  HW  tomula  (Fig.  6(b))  shows  that  there  is  litde  variation  from  one  heat  of  wire  to 
the  next  and  that  Heat  B  is  close  to  the  carbon  equivalent  value  described  by  the  electrode 
manu  acurer  as  beinj  'typicalWenoied  by  Typ'  in  Fij  6).  Comparison  of  comp'Sfcns 
according  lo  the  Ilo-Bessyo  Pcm  lorraula  (Fig.  6(c))  shows  a  similar  result,  however  Heal 
B  has  a  somewhat  higher  value  of  carbon  equivalent  than  the  others. 

It  should  be  noted  that  the  carbon  equivalent  formulae  are  intended  to  be  applied  to  base 
matenals  and  that  application  ol  the  formulae  to  filler  metals  in  this  case  is  to  simplify  the 
companson  ol  dillerent  compositions  only.  As  a  consequence  of  the  slag/metal  interactions 

n^etal  composition  may  be  significantly  different  to  filler 
metid  composition.  As  an  example.  Table  3  shows  the  composition  of  Heat  B  electfode 
and  the  composiuon  ot  a  weld  deposit  made  using  the  electrode.  Welding  variables  such  as 
cuirent,  voltage  and  dilution  cause  variations  in  weld  metal  composition  e^n  thL^h  the 
ux  may  be  descnbed  as  neumal  in  terms  ol  alloying  activity.  In  other  words  variation  in 

ill  miS  wl"3p(S  batch-to-ba’tch  variation 
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c 


Carbon  content  (Wt.  %) 


b)  Carbon  Equivalent  according  to  the  IIW  Formula 
•  (CEiiw,  defined  in  Eq.  1). 


^  c)  Carbon  Equivalent  according  to  the  Pcm  Formula  (  Eq.  2) 


Fi|ure  6  Ci^bon  and  Carbon  Equivalent  values  of  electrodes.  Letters  A  to  G  denote 
dillerent  heats  ol  the  same  (M1L-120S-1 )  filler  wire.  ^  to  u  denote 
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TABLE  3 


Comparison  of  Composition  of  Weld  Metal  and  Electrode  Wire, 
np  the  submerged  arc  process  with 


Element 

Wire 

Composition 
Heat  B 

Corresponding 
Weld  Metal 
Composition 

Carbon 

0.10 

0.07 

Manganese 

1.66 

1.42 

Silicon  j 

0.35 

0.39 

Phosphorus 

0.009  1 

0.015 

Sulphur 

0.003 

0.002 

Nickel 

2.36 

'  2.25 

Chromium 

0.28 

0.30 

Molybdenum 

0.50 

0.50 

CEiiw 

0.693 

0.620 

Pem 

0.283 

0.239 

Efilationshins  hetwecn  Cnmnosition  ;in<t  Yie.irl  <;trpgg 


Freq. 


Yield  Stress  Range.  MPa. 


I  Heat  B  H  All  others 


Figure  7  Distribuiion  ol  yield  stress  results  for  welds  made  with  Heat  B  filler  meni 
and  all  olher  submerged  arc  welds.  Allhough  ihe  sample  ,siae  is  small.  ihe  dLVuIion," 


The  distribution  ot  yield  stress  values  tor  Heat  B  is  compared  with  the  distribution  for  other 
procedure  qualification  tests  undertaken  in  Fig.  7.  This  shows  that  (allowing  for  the 
relatively  small  sample  size)  the  distribution  of  yield  stress  values  overlap.  T^e  2raph 
shows  one  value  of  yield  stress  greater  that  900  MPa  [Procedure  1(a)  in  Table  2],  however 
it  also  shows  that  some  of  the  Heat  B  weld  deposits  gave  comparatively  low  yield  stress 
values,  despite  the  marginally  higher  values  of  CE.  As  discussed  previously,  the  scatter  iin 
yield  stress  may  be  attributed  to  variations  in  welding  procedure.  Figure  7  does  not  take 
into  account  that  welding  parameters  vary  considerably.  Over  the  range  of  procedures  used 

at  ASC,  heat  input  vanes  between  1.3  and  2.2  kJ.mm'^,  with  most  welding  being  at  heat 

inputs  of  1.8  kJ.mm-1  or  greater.  Preheat  and  interpass  temperatures  are  controlled  within 
the  range  120°C  to  200°C. 


It  IS  also  noted  that  procedure  tests  are  done  on  small  plates  with  relatively  low  restraint 
but  oyer  a  relatively  short  time  scale.  Production  welds  vary  widely  in  the  degree  of 
restraint  and  the  time  that  preheat  is  maintained.  The  fact  that  cracking  did  not  (xcur  in 
procedure  tests  is  therefore  no  guarantee  it  will  not  occur  in  production. 


4.4  Metallogranhic  Examination  of  High  Strength  Welds 

The  two  tensile  specimens  that  gave  yield  stress  values  greater  than  900  MPa  have  been 

examined.  The  MMA  (SMA)  weld  fractured  by  a  lully  ductile  mechanism  and  showed  a 
classic  cup  and  cone'  appearance. 


Fipre  8  Part  of  the  fracture  surface  of  a  tensile  test  specimen  in  928  MPa  yield  stress 
submerged-arc  weld  deposit.  This  shows  a  brittle  region  often  referred  to  as  a  ‘Fish  eve’ 
or  ‘Hydrogen  flake’. 


Visual  inspection  ot  the  tracture  surlace  ol  the  tensile  specimen  removed  from  the 
submerged  arc  weld  deposit  showed  some  evidence  of  low  ductility  fracture  There  was  a 
small  area  of  flat,  low  ductility  fracture  commonly  described  as  a  ‘fish  eye’.  Detailed 


embrittlemem.  The  tensile  tesf  eneeim«  and  cleavage  traclure,  typical  of  hydroaen 

cracking, howeve?n™Tcfnld1eSd?o\g;ryc"^^^^^^^^  '^^en 


rigure  9 


by  a  mixture  of  srain  boundary  fracture  and  tnn^^f  ^  fracture  has  occurred 

low  dnctility  fracW  ” 


Meuillographic  examination  of  this  submerged  arc  weld  rPta  in\  c-u  a  *- 
temte  microstructure  with  small  reoioJf  ol  fe^i,^  ^ 

microstructure  is  often  considered  to  nrovide  r  or  Bainite.  This 

stress.  Hardness  in  the  weld  zone  varied  fLf283  to  sIs^Hv 

high-  ^''10-  which  is  not  exceptionally 


mt&Th^itilS^ch^fTElSn  islSe'S 

appears  as  acicnlar  fe^rrite  in  the  opUc^rnlic/ii^^^^^'tl^L^S^^^^^ 
Npn-Pestnictive  Exnmipf^don  of  Weidg 

S™b7a^'^“  COLLINS 

technique  is  infallible.  While  specifications  caU  for  no  “'PCClion 

«  wm  remain  undetected.  TrSome  lhlf  S  JeTI\^" 

complementary  inspection  techniques  Visual  and  maancac  ^  ^  •^  ‘P^P^oted  with  several 

all  welds  for  the  detection  of  surface  crackino  ?nd^n?f  ® ‘o 

ultrasonic  testing  radiographic  Sa^naSo^^  ^  t>y 

Surtacnnspecdcm"tecffquersuch  S'^dv'?  ne*r^*tl-  or  transverse  to  the  weld, 

able  to  detect  both  longitudinal  and  transverse  craS  wh1chTA?If Ih  inspection  are 

able  to  detect  both  transverse  and  longitudinal 


# 


# 
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tine  or  not  aligned  parallel  to  the  radiation  beam.  Radiography  is  more  suited  to  the 
detecuon  ot_ volumetric  detects  rather  than  planar  ones.  It  is^unsuitable  for  examining  Tee 
joints  and  tiUet  welds.  Standard  ultrasonic  inspection  techniques  are  able  to  detetn  fine 

ongitudinal  cracks  in  butt  and  tee  joints,  but  special  techniques  are  required  to  examine  tor 
transverse  cracking. 


Figure  1 0  Photomicrograph  of  weld  deposit  that  obtained  928  MPa  yield  stress  durin£ 
tensile  testing.  The  microstructure  is  mainly  acicular  ferrite  but  contains  secondary 
structures  which  may  be  martensite,  pro-eutectoid  ferrite  or  Bainite.  The  weld  provides 
satistactory  ductility  and  toughness  despite  the  exceptionally  hish  yield  stress 


Inspection  ot  welds  on  the  COLLINS  class  submarines  is  extensive.  Welds  are  required  to 
be  examined  visually  during  and  after  completion.  MPI  is  undenaken  if  preheat  is 
accidently  lost  and  on  the  backgouged  weld  before  welding  the  second  side.  MPI  is 
required  after  removal  of  detects  and  before  rewelding.  Completed  butt  welds  in  pressure 
hull  are  given  100^^  visual  examination,  100%  standard  ultrasonic  examination  5% 
ultrasonic  examination  for  transverse  cracks,  100%  magnetic  particle  examination  and’  10% 
radiography.  The  magnetic  particle  examination  is  undertaken  after  the  external  weld  cap 
has  been  ground  oft.  With  this  extent  of  inspection,  it  is  believed  there  is  little  risk  of  an 
undiscovered  cracking  problem. 

packing  has  occasionally  been  found  during  construction  of  COLLINS  class  submarines. 
In  each  case,  the  cause  ot  cracking  is  assessed  and  steps  are  taken  to  prevent  recurrence  ot 
the  problem.  The  cracks  discovered  are  always  rectified.  In  the  light  of  experience,  the 
method  lor  ultrasonic  examination  for  transverse  cracks  has  been  reviewed  and  upgraded. 
The  revised  inspection  method  has  been  u.sed  to  re-evaluate  early  work  on  a  randon*  basis 
without  revealing  undiscovered  cracking.  In  this  way  the  risk  of  cracking  is  effeciivelv 
managed. 


^ — y^liciaiion  ot  Technique  for  Dert^r 


Deigciion  ot  Transverse  PefecL^ 


Cenierline 


Transverse  defect  (350)  /  Large  transverse  ceramic  insert  (500) 


Transverse  defect  (560^590) 


Posible  C/L  Defect? 
iJI50-]300i 

Slag  Inclusion 
{1460^1490) 


P,O.(150) 


35  mm.  base  plate 


Lpealo^oVS,;  “Semly  requu^d  ,or  ui.as»n,c 

of  .he  joinu.  and  could  he  required  for  any  aumng  of  wort  aSJ^omplaer 

weE  “S'S 

coupon  is  illustrated  in  Fi sure  11  Itcon.:i«t«  nfnnlN/t^  cracking.  Tht  design  ot  tne  tesc 

i!lipSSSH"s™iH5~S 

•S“=fii=pS5S.E"= 

all  of  te  antSd^erf wtrdel^^^^^  inserr 

Th,s  gives  confidence  ihal  die  procedure  is  adequaie  for  teElcSl  WeTS  erSf 

dL£ - Inspection  ofTesi  Si^riion 

It  happens  that  a  range  ol'  candidate  weldin*’  procedures  wor,^  n^,-ri  .rr  ••  t-  -  ■ 

was  iahricated  before  sumine  consirucuon' this  ias  ™de  a:  S  o.' m"" 
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re-inspe(^d  with  the  specilied  ultrasonic  test  procedure  and  onlv  one  transverse  ue'ec  wa- 

beefde2tedTndTeSed  defect  which  would  nomiaily'have 

been  detected  and  repaired.  It  was  deduced  from  this  that  crackina  wa.s  lelativeiv 

uncommon  and  required  unusual  events,  such  as  slag  entrapment,  to  occur 
5.0  RISK  evaluation 

Results  of  the  investigations  may  be  summarized  as  follows: 

a)  Four  of  the  188  welding  procedure  qualification  tests  undertaken  2a ve  values  of 
yield  stress  ot  over  900  MPa.  Of  these  four,  two  were  used  as"  the  basis  for 
production  welding  procedures.  Re-testing  of  these  two  procedure 
qualilications  gave  yield  stress  results  that  were  significantly  lower  than  the 
original  and  well  within  the  current  requirements. 

b)  The  weld  deposit  giving  the  highest  yield  stress  (>900  MPa.)  nonetheless  ^ave 
mfcrosmucture'*^  elongation  (20*70  and  had  a  desirable,  acicular  ferrite 

c)  One  welding  wire  that  has  higher  carbon  equivalent  value  has  been  used  dunn^ 

tabncation  of  the  COLLINS.  This  wire  was  also  used  on  a  test  can  which  was 

rW.  welding  procedures.  Extensive  non-destructive  and  destructive 

investigation  ot  the  can  has  produced  little  evidence  of  crackine. 

d )  For  a  given  690  MPa  welding  wire  designation,  the  yield  stress  and  hardness  o^’ 
the  weld  deposit  may  vary  considerably  depending  upon  the  weldinv 

n  variations  in  the  carbon  composition  of  the  filler  wire 
can  have  an  influence  on  yield  stress  however,  in  the  case  of  Heat  B  wu-- 

composition  is  insignificant  compared  tc  the 
influence  ot  welding  parameters.  ‘ 

" '  techniques  are  revealed  to  be  efficient  at  detectine  cracks  in  a  weld 

deposit,  however  the  sizing  ot  cracks  is  imprecise.  Extensive  NDE  inspection 
has  been  ctmed  out  on  COLLINS  without  discoverine  lar2e  number'^  of 

wS^nof^nruUS-  discovered  on  occasions,  but  it" has  been  minorVid 

as  not  endemic.  On  each  tK’casion  step.s  have  been  taken  ro  prevent  a 
recurrence  01  the  problem.  precen.  a 

On  the  basis  of  experience  in  fabricating  COLLINS  submarine  hulls,  the  overall  Hsk  o- 
undetected  hydrogen  cracking  is  considered  to  be  relatively  low. 

6.0  DISCUSSION 


Result  ot  the  investigations  show  that  considerable  scatter  may  wcur  in  the  yield  stresse': 

consumables.  As  illustrated  in  Fbure 

Qon  MP  ^  Tif  ^  MPa  to  values  «rea ter  'than 

presented  in  Figure  7  show  that  there  is  little  difference  between  the 
distnbutionot  yield  stress  results  lor  welds  deposited  with  the  hieh  carbon  (Heat  B  : 
electrode  and  the  distribution  ot  results  for  ail  other  electrodes.  Furthermore  the  weic 
deposit  giving  t^he  highest  yield  stress  {>900  MPa. )  was  a  Heat  B  electrode  Nonetheless 

mlcrolnuctu;f  ^ 


142 


range  ot  procedures  used  here,  heat  input  varied  between  1.3  and  2.2  kJ  mnr  1  with  mos- 

welding  being  undenaken  at  heat  inputs  of  1.8  kJ  mnr  I  or  creator  PppH^.,  om  , 
temperatures  are  controlled  within  the  range  120°C  to  200°C  '  ^  Preheat  and  interpass 

welddeposifytelfsS™^^^  of  the  welding  procedures  which  save  hish 

when  thrsamrwelSnfcon?'^^^  i'  uld  wiSS 

that  reproducibility  of  tensile  Dronenips  fnr  rhpcf  welding  parameters.  TTiis  shows 

and  that  the  fabricator  actually  has  limited  controPovprThp^^  deposits  is  not  good, 
obtainable  in  a  weld  deposit.  ^  mechanical  properties 

variations  in  ihelllter  wlre^So^colmpos^^^^^^^^^  or  minor 

scatter  has  a  significant  influence.  ^  ^  metals,  it  is  clear  that  random 

of  restoaira  and  the  Ume  lha 'SS  mSttned 

wSlIto  ""  “  '0  simuiace  pan. 

was  toiattvely  nncontnt'nn  and  reqnintd  nnusuafevSsucI  ntto'i?*"* 

or ‘SS  ;"v^‘  -Ue  ranee 

cracking  are  a  sisnificam  hydrogen  cracking  and  stress  corTosi6r: 

Consequently,  care  "should  be  taken  in  the  nrennr-it-'^^  El 20 18  electrodes, 

steels  and  greater  emphasis  should  be  nlaced  welding  procedures  for  these 

690  MPa  yield  stressSSmS  '  "  witn  the 

fomiulae  mwi^^  ‘^Sirinf  ^'i'h 

developed  as  a  means  ol  estimatina  n/n-i^nt  ’  t  u  ^  ^  Strictly,  these  lomiulae  were 

crack  sensitivitv  has  developed  from  emniricaJ^evid  ^  measure  of 

metats  nave  a  higher  risk  cJ  emc^  no  Th'  equivalent  weld 

estimation  of  weld  metal  hardness  and  the  resulK^nf^r'^  equivalent  formulae  lor 
containing  higher  carbon  cqSen;  2v  nnn  ^,h  .  i  "  '^^id  metai 

that  is  indistinguishable  none-the-less  give  a  distribution  of  yield  .stress 

6  SUMMARY 

With  a  slight  increase  in  ““"ciated 

rSstor“Sv,«S  anv 

Wide  vanation  in  weld  mentl  yield  stres,s  thal  ntay  oi-nr  dS^SbrieiUn 
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electrodes  and  that  this  scatter  was  sufficient  to  hide  any  effect  of  small  variations  in 
composition. 

Regions  of  weld  on  an  experimental  fabrication  which  were  welded  with  the  hisher  carbon 
electrodes  and  a  wide  range  ol  welding  procedures  have  been  examined  by  ultrasonic 
testing  and  negligible  evidence  of  cracking  was  found.  This  2ives  confidence  that  the 
procedures  used  in  labrication  have  a  low  risk  of  crackina. 


REFERENCES 


1. 

2 

3 


Phillips  R.H.  'Assessment  of  Welded  Steel  of  690 
Yield  Stress  for  the  Type  471  Submarine'  MRL  Technical  Repon  MRL-  TR-90- 1 

Phillips.  R.H.,  Dixon,  B.F.  and  Ritter,  J.C.  (1989)  ’  Qualification  of  New  Steel 
jor  Australian  Submarine  Construction'  Proceedings  of  the  37  th.  Annual 
Conlerence,  Welding  Technology  Institute  of  Australia,  Sydney. 


Dixon,  B  'Evaluation  of  Welding  Consumables  and  Procedures  for  Submarine 
Construction'  MRL  Technical  Report  MRL  -  TR  -  94-3. 


TS-009  Welding  Specification  for  Hull  and  Hull  Attachments'  Confidential 
Technical  Specilicaiion,  Kockums  AB. 


Hakansson,  K.  and  Dixon,  B.  (1996)  'Submerged  Arc  Welding  with  Allox 

Powder  Additions  for  High  Strength  Steels'  Int.  J.  for  the  Joining  of  Materials.  8. 
(1),  14-21. 


7 

8 


Ito^.  and  Bessyo,  D.  (1968)  'Weldability  Formula  of  High  Strength  Steels  Related 
to  Heat  Affected  Zone  Cracking'  IIW  Doc.  IX-467-68 

Australian  Welding  Research  Asstxiation  (AWRA)  Technical  Note  1. 

■  f  '^‘^nkins,  N.  and  Paraeter,  R. 

o  Without  Hydrogen  Crackina’,  2nd  edn,  1973  Abinoton 

Publishing  and  ASM  International.  ■’ 


9  Dixon  B.  F.  and  Hakansson.  K  (1995)  'Effect  of  Welding  Parameters  on  Weld 
^>ne  Hardness  and  Toughness  in  a  690  MPa  Steel. '  Weldina  Journal  Research 
Supplement,  April.  1995,  122-s  -  132-s. 

10  Australian  Welding  Re.search  Association  (AWRA)  Technical  Note  1 6. 

1 1  Davidson,  L.,  and  Lynch,  S.  'Seminar  paper  to  be  presented  at  the  joint 
Detencc  Science  and  Technology  Organization  /  Weldina  Technoloay  Institute  of 
Australia  Seminar,  Melbourne,  Australia,  October  23,  1996. 


NATIONAL  ACADEMY  OF  SCIENCES  OF  UKRAINE 
E.O.PATON  ELECTRIC  WELDING  INSTITUTE 

HYDROGEN  BEHAVIOUR  IN  WELDED 

JOINTS 


*  Igor  K.  POKHODNYA 


of  P®Partment  of  Welding  Metallurgy  and  Consumables  at  the  E.O.Paton 
Hectnc  Weldmg  Institute,  Professor,  Doctor  of  Technical  Sciences,  Member  of  the  National  Academy  of 
Sciences  of  Ukraine.  ^ 


Ukraine,  Kyiv,  1996 


In  my  presentation  I  give  you  a  review  of  investigations  conducted  at  the 
E.O.Paton  Electric  Welding  Institute  on  behaviour  of  hydrogen  in  welded  joints. 

The  problems  considered  are  as  follows: 

1.  Hydrogen  mass  transfer  in  steels  and  welded  joints: 

•  analytical  equipment; 

•  effect  of  element  composition  of  weld  metal  and  electrode  coatings; 

•  effect  of  traps; 

•  effect  of  deformation  of  weld  metal. 

2.  Mechanism  of  hydrogen  embrittlement. 

3.  Effect  of  hydrogen  on  mechanical  properties  of  steels  and  welds: 

•  evaluation  procedure  and  equipment; 

•  experimental  results; 

•  lines  of  future  research. 

4.  Hydrogen  and  delayed  fracture  of  welded  joints. 

5.  Technology  and  metallurgy  methods  for  decreasing  the  content  of  diffusible 
hydrogen: 

•  sources  of  hydrogen; 

•  sampling  and  analysis; 

•  effect  of  current  and  welding  speed; 

•  distribution  of  hydrogen  in  welded  j  oints ; 

•  thermodynamic  studies  of  interaction  of  oxy-fluoride  melts  with  water  vapours; 

•  effect  of  fluorides  and  oxides; 

•  effect  of  composition  of  coating,  flux  and  flux-cored  wire; 

•  hydrides. 

6.  Consumables  for  welding  low-alloy  high-strength  steels: 

•  electrodes; 

•  agglomerated  fluxes. 

7.  References. 

Cold  cracks  are  one  of  the  basic  defects  formed  in  low-alloys  steels  during 
welding.  Many-year  research  conducted  by  scientists  and  engineers  in  the  USA,  Great 
Britain,  Japan,  France,  Australia  and  the  former  Soviet  Union  resulted  in  identifying 
the  factors  which  primarily  contribute  to  the  formation  of  cold  cracks.  They  are: 


element  composition  of  steels  and  weld  metal,  thermal-deformation  cycle,  phase 
transformations,  content  and  distribution  of  hydrogen  in  welded  joints. 

Determination  of  a  mechanism  of  the  effect  of  hydrogen  proved  to  be  the  most 
difficult  problem.  Physical  nature  of  this  effect  is  as  yet  little  understood.  Behaviour  of 
hydrogen  is  a  subject  of  investigation  of  a  team  of  scientists  at  the  E.O.Paton  Electric 
Welding  Institute.  In  my  presentation  I  will  try  to  review  some  of  these  investigations 
associated  with  the  behaviour  of  hydrogen  in  welded  joints. 


1.  HYDROGEN  MASS  TRANSFER  IN  STEELS  AND  WELDED  JOINTS 

Figure  2  shows  a  laboratory  unit  used  to  study  effusion  of  hydrogen  from  steel 
samples  within  the  temperature  range  from  20  to  2500C.  A  sample  has  a  cylindrical 
shape,  it  is  6  mm  in  diameter  and  15  mm  long.  We  use  a  chromatographic  analyzer  and 
computer  processing  of  a  signal.  Figure  3  shows  the  investigation  results  on  the  effect  of 
chemical  composition  of  metal  on  characteristics  of  the  hydrogen  mass  transfer. 
Alloying  of  metal  with  molybdenum,  chromium  and  especially  manganese  decreases 
diffusivity  of  hydrogen.  The  effect  of  a  composition  of  welds  made  using  electrodes  with 
basic  and  rutile  coatings  is  illustrated  in  Figure  3.  The  rate  of  the  hydrogen  mass 
transfer  in  welds  made  using  basic  electrodes  is  higher  than  that  in  welds  made  using 
rutile  electrodes.  This  is  associated  with  a  large  amount  of  traps,  i.e.,  non-metallic 
inclusions,  present  in  welds  made  with  the  rutile  electrodes. 

The  effect  of  the  hydrogen  traps  on  the  effusion  process  can  be  well  seen  from 
Figure  5.  Experimental  kinetic  curves  (dependence  of  the  rate  of  evolution  upon  the 
hydrogen  content  of  a  sample)  substantially  deviate  from  the  calculated  ones  in  the 
region  of  the  low  hydrogen  concentrations.  A  decrease  in  temperature  adds  to  a  delay 
of  evolution  of  hydrogen  from  the  reversible  traps. 

Figure  6  shows  a  diagram  of  an  experimental  cell  used  to  determine  the  effect  of 
deformation  on  the  hydrogen  mass  transfer.  A  hollow  sample  is  fixed  in  the  testing 
machine  holders.  A  stationary  flow  of  hydrogen  through  the  sample  wall  was  formed  by 
continuous  electrolytic,  hydrogenation.  This  flow  was  registered  by  a  chromatograph. 
Dependencies  sho\ra  in  Figure  7  illustrate  the  effect  of  plastic  deformation  on  the  mass 
transfer.  The  diffusion  slowed  down  with  an  increase  in  the  number  of  defects  in  metal, 
while  at  the  moments  of  loading  the  spikes  of  the  flow  were  observed  during  the 
intensive  plastic  deformation,  this  being  caused  by  the  dislocation  transfer  of  hydrogen. 


2.  MECHANISM  OF  HYDROGEN  EMBRITTLEMENT  OF  METAL 

The  state  of  hydrogen  in  iron  was  studied  by  secondary-ion  mass  spectrometry 
(SIMS  method).  This  methods  provides  resolution  to  the  depth  of  an  atomic 
monolayer.  Flow  diagram  of  the  method  and  schematic  of  the  experimental  unit  to 
employ  it  are  shown  in  Figure  8. 

An  intensive  emission  of  secondary  negative  hydrogen  ions  H-  which  decreased 
with  time  was  found  in  the  hydrogen-saturated  samples.  In  this  case  the  emission  of  the 
positive  ions  H+  did  not  depend  upon  time  (Fig.  9).  This  observation  showed  that  it  was 
a  diffusible  hydrogen  that  caused  the  emission  of  anions  H‘.  Besides,  the  iron  surface 
work  function  (4.5  eV)  considerably  raised  the  electron  affinity  of  a  hydrogen  atom 


(0.75  e^.  Therefore,  the  intensive  emission  of  secondary  ions  H'  is  possible  only  in  the 
case  When  the  atoms  of  hydrogen  at  the  iron  surface  already  had  a  negative  charge:  at  a 
high  initial  velocity  (as  compared  to  the  thermal  velocity)  of  the  secondary  particles 

ere  is  a  ig  probability  that  they  will  “survive”  in  the  initial  charge  state  (in  this  case 
it  IS  a  negative  charge  state). 

These  experimental  facts  were  used  for  formulation  of  a  new  hypothesis  of 
hydrogen  embrittlement:  Formation  of  a  layer  of  the  negative  hydrogen  ions  at  the 
juvenile  surface  of  a  crack  initiated  in  the  bulk  of  metal  should  lead  to  a  decrease  in  the 
surface  tension  and  this,  in  turn,  should  lead  to  a  change  in  its  behaviour  in  the  field  of 
stresses. 

According  to  the  new  notions  of  metals  physics  about  micromechanisms  of 
fracture,  a  critical  stage  of  fracture  is  a  change  to  the  Griffits  growth  of  the 
intragranular  embryo  submicrocracks,  rather  than  a  loss  of  stability  of  a  micro-  or 
macrocrack,  as  it  is  suggested  in  the  traditional  approaches. 

These  submicrocracks  are  initiated  in  a  local  field  of  dislocation  ensambles 
formed  during  the  process  of  plastic  deformation  (Fig.  10).  A  macrofracture  is  caused 
by  the  submicrocrack  which,  in  the  total  field  of  dislocation  clusters  and  external 
stresses,  loses  its  stability  at  the  moment  of  its  initiation.  Additionally  to  the 
intragranular  cracks,  the  cracks  can  initiate  also  inside  the  secondary  phase  particles  or 

the  brittle  inclusions  which  fail  usually  before  the  sufficiently  large  dislocation  clusters 
are  formed  in  the  matrix. 

According  to  these  notions,  the  mechanism  of  the  effect  of  hydrogen  on  the 
fracture  process  can  be  described  as  follows  (Fig.  1 1). 

Mechanism  of  the  effect  of  hydrogen  on  the  steel  fracture  process  Tmodel 
conditionsV  - - 

(1)  Concentration  of  hydrogen  is  5  ...  10  cm VI 00  g. 

(2)  Irreversible  traps  (pores,  cracks,  interfaces)  are  absent. 

(3)  Hydrogen  fills  in  the  irreversible  traps  -  dislocations. 

during  the  plastic  deformation  of  metal,  is  transported  by  the  moving 
dislocations  to  a  point  of  initiation  of  a  fracture  crack. 

Initiation  of  a  submicrocrack  is  described  by  the  Ziner-Stro  model 
(submicrocracks  are  formed  at  the  apex  of  a  dislocation  cluster  and  the  dislocation 
cluster  is  stopped  by  a  grain  boundary). 

Behaviour  of  the  submicrocrack  in  the  field  of  external  stresses  is  determined  by 
the  energy  of  the  dislocation  cluster  -  submicrocrack’  system. 

The  submicrocrack  can  be  collapsed,  remain  in  the  state  of  elastic  equilibrium  or 
indefinitely  grow.  Hydrogen  which  is  evolved  from  the  dislocations  is  chemisorbed  at 
the  surface  of  the  initiated  cracks  to  decrease  its  surface  energy. 

The  level  of  normal  stresses  required  for  transformation  of  the  submicrocrack 
into  a  state  of  autocatalytic  propagation  is  decreased. 

A  decrease  in  the  fracture  stress  under  the  effect  of  hydrogen  shows  up  on  a 
microlevel  as  its  embrittlement  effect. 

Some  elements  of  the  model  studied  experimentally  proved  validity  of  the 
suggested  mechanism  (Fig.  12). 
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Experimental  and  theoretical  proof  of  the  model  of  the  effect  of  hydrogen  on  the 
fracture  process. 

(1)  While  dissolving  in  metal,  hydrogen  is  condensed  at  the  dislocations  [1]. 

(2)  The  effect  of  hydrogen  is  local  [2]. 

(3)  Hydrogen  is  transported  to  a  point  of  initiation  of  a  submicrocrack  by  the 
dislocations  [3]. 

(4)  Hydrogen  which  is  evolved  from  the  dislocations  is  chemisorbed  at  the 
surface  of  an  embryo  crack  causing  a  change  in  its  energy  state  [4]. 

(5)  The  submicrocrack  which  has  overcome  a  potential  barrier  is 
autocatalytically  propagated  under  the  effect  of  hydrogen  into  the  field  of  stresses  to 
form  a  macrocrack  [5-8]. 
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The  data  in  Figure  13  illustrate  the  effect  of  diffusible  hydrogen  on  the  ratio  of 
values  of  reduction  in  area  of  the  high-strength  chrome-nickel  steel  samples,  vi/h/v,  after 
hydrogenation  v|/h  and  before  hydrogenation  v|/.  It  can  be  seen  that  the  effect  of 
hydrogen  shows  itself  in  the  case  of  an  unfavourable  microstructure  of  steel  after  heat 
treatment  at  the  average  atomic  concentration  of  0.3cmV100  g,  which  is  much  lower 
than  that  estimated  in  the  studies  by  G.V.Karpenko,  i.e.,  one  atom  of  hydrogen  per  lO*^ 
atoms  of  iron.  These  data  confirm  the  concept  of  a  local  character  of  the  hydrogen 
effect. 

The  effect  of  the  deformation  rate  is  illustrated  in  Figure  14.  At  the  minimal 
deformation  rate  the  effect  of  hydrogen  is  high.  With  an  increase  in  the  deformation 
rate  the  effect  of  hydrogen  is  little  seen. 

These  data  prove  that  the  decisive  role  in  the  hydrogen  embrittlement  is  played 
by  the  transfer  of  hydrogen  to  the  point  of  its  local  effect.  Efficiency  of  the  hydrogen 
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transfer  is  determined  by  parameters  of  the  deformation  process  which  is  known  to 
occur  in  the  plastic  region  by  the  dislocation  mechanism. 

Mechanism  of  the  effect  of  hydrogen  on  properties  of  steels  and  weld  requires 
further  investigations. 


3.  EFFECT  OF  HYDROGEN  ON  MECHANICAL  PROPERTIES  OF 

STEELS  AND  WELDS 

Evaluation  Procedure  and  Equipment 

Scientists  at  the  Paton  Electric  Welding  Institute  made  an  attempt  to  develop  a 
procedure  for  investigation  of  susceptibility  of  steels  to  brittle  fracture  at  the  presence  of 
hydrogen  using  modem  theories  and  methods  of  metals  physics. 

The  Institute  of  Metals  Physics  of  the  National  Academy  of  Sciences  of  Ukraine 
suggested  a  method  for  evaluation  of  brittle  fracture  resistance  of  steels  using  criteria 
which  are  unambiguously  related  to  parameters  of  the  metal  grain  structure. 

The  flow  diagram  of  the  method  is  shown  in  Figure  15.  Specimens  of  metal  are 
subjected  to  uniaxial  tension.  Basic  mechanical  characteristics  of  metal,  such  as  tensile 
strerigth,  yield  strength,  reduction  in  area  and  the  true  fracture  stress,  are  determined 
within  the  temperature  range  from  normal  to  cryogenic  one.  Parameter  Rmc  -  the 
minimal  stress  of  brittle  fracture  at  a  limiting  yield  strength  (see  Fig.~~~)  is  estimated 
from  the  temperature  dependencies  of  these  values. 

As  shown  by  experiments,  this  criterion  is  determined  by  the  grain  structure  of 
metal  and  does  not  depend  upon  experimental  conditions,  such  as  temperature 
deformation  rate  and  a  type  of  a  stress  state. 

This  method  was  proposed  for  investigation  of  the  effect  of  hydrogen  on  brittle 
fracture.  Parameter  Rwc  reveals  the  ability  of  metal  to  resist  brittle  fracture  at  the 
tough-brittle  transition  temperature,  where  the  effect  of  hydrogen  is  manifested  to  a 
lower  degree.  For  investigation  of  the  effect  of  hydrogen  on  mechanical  properties  of 
steels  it  is  more  appropriate  to  use  parameter  Rmc,  which  is  defined  as  a  microcleavage 
resistance  of  a  deformed  metal.  Parameter  Rmc,  indicates  the  level  of  strength  within 
the  wide  temperature  range  with  allowance  for  the  values  of  plastic  deformation 
preceding  the  fracture  at  the  above  temperatures. 

Bridgeman's  formula  shown  in  Figure  16  is  used  to  calculate  the  value  of  Rmc,. 

Two  batches  of  standard  cylindrical  uniaxial  tension  samples  were  used  in  the 
experiment.  Samples  of  batch  1  were  hydrogenated,  for  instance,  electrolytically.  The 
preferred  hydrogenation  conditions  were  those  which  provided  a  uniform  distribution 
of  hydrogen  over  the  sample  section. 

[H]^  hydrogen  was  estimated  from  the  value  of  ratio 

Rmc,  /Rmc,  which  was  determined  at  the  similar  degree  of  deformation  of 
hydrogenated  and  non-hydrogenated  samples.  The  values  of  the  true  fracture  stress  5,. 
required  to  estimate  Rmc,  were  set  from  the  plot  of  the  deformation  degree  against  the 
fracture  stress  (see  Fig.  16).  A  diagram  of  the  final  experimental  result  is  presented  in 
the  poster:  if  there  is  no  effect  of  hydrogen,  the  temperature  dependence  of  the  criterion 
will  have  the  form  of  a  horizontal  straight  line. 

Deviation  from  this  dependence  will  characterize  a  degree  of  the  hydrogen  effect. 


Experimental  Results 


Figures  17  to  19  show  typical  dependencies  of  the  effect  of  hydrogen  deduced  for 
steels  the  compositions  of  which  are  presented  in  the  poster. 

As  can  be  seen  from  the  tables  of  compositions  of  steels,  their  carbon  content 
varies  significantly.  The  temperature  dependence  of  the  embrittlement  criterion  for  steel 
with  the  maximal  value  of  [C]  =  0.8  %  has  a  totally  different  course,  as  compared  to 
similar  dependencies  for  other  steels  under  investigation.  The  effect  of  hydrogen  is 
maximum  at  the  decreased  temperature,  rather  than  at  the  normal  one.  It  means  that  in 
this  case  the  effect  of  hydrogen  is  not  associated  with  its  transportation  in  the  bulk  to 
the  point  of  initiation  of  a  crack.  It  can  be  formed  as  a  result  of  cleavage  of  carbide 
particles  the  interface  with  which  serves  as  a  hydrogen  collector.  Also,  it  can  be  noted 
that  hydrogen  has  a  high  effect  on  a  heat-treated  high-strength  low-alloy  steel  (Fig.  19). 

After  heat  treatment  that  simulates  probable  structural  transformations  within 
the  heat-affected  zone,  the  presence  of  hydrogen  causes  a  catastrophic  embrittlement. 


CONCLUSIONS 


(1)  The  proposed  unique  procedure  allows  the  effect  of  hydrogen  on  properties 
of  steels  and  welded  joints  to  be  evaluated  within  the  wide  ranges  of  temperatures. 

(2)  The  criterion  suggested  for  evaluation  of  the  hydrogen  effect  is  physically 
grounded  and  allows  for  an  analytical  description. 

(3)  The  new  procedure  makes  it  possible  to  determine  the  effect  of  every  factor, 
such  as  element  composition  and  metal  structure,  values  of  stresses,  temperature, 
deformation  rate,  content  and  distribution  of  hydrogen. 

(4)  The  use  of  the  new  procedure  is  promising  for  development  of  new  steels, 
welding  consumables  and  technologies. 


4.  HYDROGEN  AND  DELAYED  FRACTURE  OF  WELDED  JOINTS 

The  process  of  cold  cracking  during  welding  of  high-strength  steels  is  a  subject  of 
the  many-year  studies  conducted  at  some  department  of  the  Paton  Electric  Welding 
Institute.  The  quantitative  relationships  between  a  level  of  alloying,  characteristics  of 
the  thermal-deformation  cycle,  a  content  of  diffusible  hydrogen  and  formation  of  cold 
cracks  were  determined  as  a  result  of  the  studies.  The  list  of  papers  and  reviews  written 
at  the  Paton  Electric  Welding  Institute  mostly  during  the  recent  years  is  given  in  the 
references. 

Let  me  give  you  the  results  of  just  some  of  the  studies  conducted  on  the  delayed 
fracture  resistance  of  one-pass  low-alloy  high-strength  steel  welds  of  the  chrome- 
manganese-nickel-molybdenum  system . 

Welded  were  the  composite  specimens  with  the  X-groove  preparation,  parent 
metal  was  steel  14KhGN2MCuNFB  (alloyed  with  Cr,  Mn,  Ni,  Mo,  Cu,  N,  V  and  Nb). 
After  cooling  to  120  ...  100°C  the  welded  specimens  were  subjected  to  tension  at  a 
constant  loading.  The  value  of  stress  ocr  at  which  the  specimens  did  not  fail  during  24 
hours  was  assumed  to  be  a  criterion.  Composition  and  mechanical  properties  of  weld 


Table'  diffusible  hydrogen  and  parameters  of  a  microstructure  are  given  in 

prehea.tag,hesp^imenf*  "S'  '^-Perature  of 

proof  sffesrd'lmrminS''n  ^  suggested  by  Dickenson  and  Ries  (002  is  a 

piool  stress  determined  on  the  cylindrical  specimens)  was  used  in  the  studies. 

Allowing  for  conditions  of  the  tests  and  values  of  the  stress  concentration  factor 
ay  he  apex  of  a  notch  equal  to  1.7,  the  value  of  ratio  oca  /oo.  was  estimated  as  equaT^l. 

IX  ^i^ure  20  shows  the  ratio  gcr  /ao.2  against  the  diffusible  hydrogen  content  of 
weld  metal.  It  can  be  seen  from  this  Figure  That  the  relative  crackSaLeTwllds 
decreases  with  an  increase  in  the  share  of  the  martensite  componen^rvISds  and  an 
increase  in  their  strength  and  diffusible  hydrogen  content. 

loading^in^the^npth^o??  of  diffusible  hydrogen,  preheating  temperature  and  time  of 

fr—  P'^heating  temperature  can  be  decreased  and  the  crack- 

f  ee  welds  at  a  comparatively  high  content  of  diffusible  hydrogen  can  brmade  ustao 
electrodes  which  could  provide  weld  metal  with  a  comparatively  low  yield  strength  0,  2.° 

ni  1  s  hydrogen  content  of  weld  metal  from  6  5  cm’/lOO  e 

(Fig'.  22),  other®conSb^tag'e^laf 
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dntl  conditions,  providing  that  gcr  /oo.2=  0.5  (Fig.  23).  Analysis  of  the  given 

data  shows  an  ambiguous  effect  of  variation  in  the  diffusible  hydrogen  content  of  weld 
metal  and  the  cooling  conditions  on  the  delayed  fracture  resisSe  ® 

When  developing  consumables  and  technology  for  welding  high-strength  steek 

m/nirnTzeTe  ‘diffu'sibt  ^  metallurgy  an^  technolog^chafacS^^^^ 

minimize  the  diffusible  hydrogen  content  and  to  set  the  preheating  temperature 

depending  upon  the  efficiency  of  these  measures.  ^  ^  temperature 


5.  TECHNOLOGY  AND  METALLURGY  METHODS  FOR  DECREASING 

DIFFUSIBLE  HYDROGEN  •^^^Kfc'ASING 

Technology  Methnd«; 

Sources  of  Hydrogen 

•  cSeJ  wfre”coresr 

•  water  vapours  in  air  and  shielding  gas; 

•  hydrogen  in  filler  metal,  wire,  ferroalloys  and  parent  metal; 

•  lubricant  and  rust  at  the  wire  surface; 
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•  prime  coat  on  parent  metal. 

Methods  for  Determination  of  Diffusible  Hydrogen 

Sampling  and  Analysis 

Samples  for  determination  of  diffusible  hydrogen  can  be  made  by  3  methods 
(Fig.  24) 

(1)  bead  on  composite  steel  sample  (covered-electrode  welding); 

(2)  bead  on  copper  plate  (submerged-arc  welding); 

(3)  pouring  of  the  welding  pool  into  a  copper  mould  (submerged-arc  welding). 

Methods  2  and  3  are  used  in  ship  building. 

Method  1  registers  the  higher  rates  of  cooling  a  deposited  metal  than  methods  2 
and  3.  Therefore,  the  diffusible  hydrogen  content  of  the  samples  is  a  bit  higher.  The 
measured  amount  of  the  diffusible  hydrogen  is  related  to  a  mass  of  the  deposited  metal 
(according  to  standard  IIW-250).  In  our  opinion,  the  diffusible  hydrogen  should  be 
related  to  the  mass  of  the  molten  metal. 

I  will  give  now  the  results  of  experiments.  Figure  25  shows  the  data  on  the  effect 
of  welding  speed  and  current  on  [H]  diff./depos.  and  [H]  diff./molten.  The  share  of  mass 
of  the  deposited  metal  md/mf\s  decreased  with  an  increase  in  current  and  welding  speed. 
Therefore,  the  data  on  [H]  diff./depos.  do  not  reflect  the  actual  picture  of  the  hydrogen 
content  of  welds.  Table  2  gives  experimental  data  on  4  grades  of  the  E7015  type 
electrodes  which  confirm  the  results  of  the  previous  experiments. 

Conclusion:  For  a  correct  evaluation  of  the  amount  of  [H]  diff.  it  is  necessary  to 
calculate  the  hydrogen  content  of  weld  metal  (fused  metal).  Relating  the  hydrogen 
content  to  the  deposited  metal  mass  can  lead  to  wrong  conclusions. 

Analysis  of  the  amount  of  the  evolved  hydrogen  is  done  using  eudiometers. 
Mercury,  glycerin  or  alcohol  can  serve  as  a  sealing  fluid  (method  IIW  ).  When  using 
glycerin  or  alcohol,  the  measured  amounts  of  hydrogen  are  by  20  ...  50  %  lower.  The 
alcohol  sample  is  employed  in  ship  building.  Another  options  are  the  vacuum 
extraction  and  chromatographic  methods. 

The  chromatographic  method  was  originally  developed  and  studied  by  the  Paton 
Electric  Welding  Institute  as  early  as  in  1978.  A  portable  analyzer  was  devised  for  this 
method,  it  provided  measurements  with  the  accuracy  of  ±7  %.  The  extraction 
temperature  is  150^0.  The  residual  hydrogen  is  determined  by  the  chromatographic 
method.  Temperature  of  heating  a  sample  is  800°C. 

A  decrease  in  the  potential  hydrogen  content  of  general-application  welding 
consumables  is  done  by  the  known  methods.  The  basic  methods  among  them  are 
electrode  and  flux  heat  treatment  and  shielding  gas  drying.  In  the  consumables  intended 
for  welding  the  high-strength  steels  the  potential  hydrogen  content  should  be 
minimized.  The  electrode  baking  temperature  is  limited  to  450°C.  The  further  increase 
in  temperature  can  lead  to  dissociation  of  the  coating  components,  as  in  mixtures  of 
minerals  the  dissociation  beginning  temperature  can  be  lower  than  in  the  initial 
minerals  (Fig.  26). 

I’d  like  to  draw  your  attention  to  the  fact  that  minerals,  impurities  in  them  and 
slags  can  introduce  a  considerable  amount  of  hydrogen.  Figure  27  shows  the  data  on 
the  effect  of  the  heat  treatment  temperature  on  the  hydrogen  content  of  some  minerals. 

Hydrogen  contained  in  them  can  be  in  the  form  of  a  solution  in  crystals  and 
hydroxides,  or  in  the  form  of  an  absorbed  moisture.  A  substantial  amount  of  hydrogen 
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absence  of  CaO  the  optimal  region  is  that  where  the  CaF2  content  is  60  ...  75  %.  With 
an  increase  in  the  mass  fraction  of  CaO  in  the  slag,  the  region  of  the  optimal 
composition  is  shifted  towards  a  decrease  in  the  CaFa  content.  However,  the  said  region 
corresponds  to  a  higher  hydrogen  content  of  metal.  Similar  dependencies  were  obtained 
also  for  the  Al203-CaO-CaF2  system.  In  general,  system  Al203-Ca0-CaF2  gives  a  higher 
hydrogen  content  than  system  Ti02-Ca0-CaF2. 

For  system  Si02-Ca0-CaF2  the  mass  fraction  of  CaO  has  no  effect  on  the 
hydrogen  content  of  molten  metal,  which  decreases  with  a  growth  of  CaF2  in  the  slag. 

Increasing  the  oxidation  potential  of  the  gas  phase  by  adding  the  molecular 
oxygen  caused  an  insignificant  decrease  in  the  hydrogen  content  of  metal.  Addition  of 
SiF4  to  the  gas  phase  was  accompanied  by  a  substantial  decrease  in  the  mass  fraction  of 
hydrogen  in  molten  metal  caused  by  its  entering  into  the  reaction  with  the  free  atoms  of 
fluorine  formed  by  dissociation  of  SiF4  (Fig.  29).  This  method  of  decreasing  the 
hydrogen  content  of  molten  metal  appears  to  be  more  efficient  than  the 

addition  of  big  amounts  of  Si02  and  CaF  into  the  slag  composition  because  of 
occurrence  of  the  exchange  reaction  2  CaF2  +  Si02  =  2  CaO  +  SiF4.  The  calculation 
results  were  confirmed  experimentally.  Figure  30  shows  data  of  the  gravimetric  analysis 
of  mixture  CaF2  +  Si02,  as  well  as  Na2SiF6  and  BaSiFa. 

Interaction  of  CaF2  with  Si02  begins  at  temperature  of  1100  K  and  higher. 
Dissociation  of  Na2SiF6  takes  place  at  temperatures  ~800  ...  900  K.  Addition  of  silicon 
fluorides  to  the  core  of  a  flux-cored  wire  to  decrease  the  hydrogen  content  of  weld  metal 
is  more  efficient  than  that  of  mixtures  CaF2  +  Si02.  Figure  31  shows  the  experimental 
results  on  the  addition  of  different  fluorides  to  the  flux-cored  wire  core. 

Addition  of  silicon  fluorides  is  difficult  to  apply  in  practice  of  manufacture  of 
electrodes  and  agglomerated  fluxes,  as  this  leads  to  degradation  of  ductility  of  coating 
materials.  That  is  why  the  preference  is  given  to  the  addition  of  CaF2  and  Si02  into  a 
coating.  Figure  32  shows  calculation  of  partial  pressure  P’  SiF4  for  different 
concentrations  of  Si02  in  the  coating  (4  %  and  1 1  %)  and  the  experimental  data  on  the 
diffusible  hydrogen  content  of  weld  metal.  Noticeable  is  a  decrease  in  [H]diff.  with  an 
increase  in  the  content  of  Si02  and  CaF2  in  the  coating. 

The  calculations  indicated  the  probability  of  formation  of  iron  fluorides  in  the 
arc  atmosphere.  Then  this  was  proved  experimentally  by  the  mass-spectral  analysis.  The 
maximum  yield  of  FeF3  was  observed  at  ratio  CaF2  :  Fe203  ~  2  ;  2.5.  The  reaction  to 
form  FeFs  allows  the  hydrogen  content  to  be  decreased  by  approximately  1  ... 
1.5cmV100g. 

Fluxes  of  high  basicity  (IB  >  2.8)  are  used  as  a  rule  for  welding  of  high-strength 
low-alloy  steels.  The  slag  base  of  such  fluxes  is  made  of  the  ternary  system  CaO(MgO)- 
Al203-CaF2.  Combining  of  hydrogen  with  fluorine  cannot  be  efficiently  utilized  for 
submerged-arc  welding  using  the  high-basicity  fluxes,  as  silica  has  low  activity  in  such 
fluxes.  The  low  level  of  hydrogen  in  this  type  of  the  fused  high-basicity  fluxes  can  be 
achieved  by  the  high-temperature  baking  at  temperature  of  900°C.  The  addition  of  iron 
oxides  to  an  electrode  coating  or  a  fused  flux  is  also  advantageous  (Fig.  33). 

Carbonates  or  higher  oxides  of  iron  or  manganese  are  added  to  the  agglomerated 
fluxes  to  decrease  hydrogen. 

Figure  34  shows  the  results  of  experiments.  Fe  and  Mn  carbonates  and  higher 
oxides  dissociate  in  the  arc  during  heating.  The  partial  pressure  of  hydrogen  is 
decreased  due  to  dilution  of  the  arc  atmosphere  with  carbon  dioxide  and  oxygen  and 
due  to  combining  hydrogen  to  form  hydroxides  OH.  It  should  be  noted  here  that  the 


3dded  in  large  amounts  cause  a  degradation  of  welding  properties  of  the 

it  «,itt,^ii®  diffusible  hydrogen  content  of  weld  metal  can  be  decreased  by  microalloying 

Fiffiirp  elements.  The  experimental  results  are  shown  in 

Figure  35.  The  addition  of  rare-earth  elements  leads  to  redistribution  of  hydrogen  in  a 

[H]diff.  is  decreased  and  that  of  [H]res.  is  increased.^This  is 
,  “  of  elements  of  a  secondary  structure  of  weld  metal  caused  by 

the  addition  of  rare-earth  elements.  The  formed  oxy-sulphides  accumulate  hydrogen, 
acting  as  traps.  ^ 

1  ,^®difying  of  non-metallic  inclusions  and  refining  of  austenitic  grains  of  weld 
metal  lead  to  the  1.2  ...  1.5  times  increase  in  the  delayed  fracture  resistance  of  a  welded 
■JrS*’  j  associated  with  a  decrease  in  the  diffusion  rate  and  the  amount  of 
diffusible  hydrogen.  The  possibilities  of  decreasing  the  content  of  [Hldiff.  in  the  high- 
strength  its  metallurgical  treatment  with  rare-earth  elements  are  limited 

U  ...  2  cm  /1 00  g).  Therefore,  microalloying  is  advantageous  at  the  content  of  rHldiff.  in 
weld  metal  below  5  cmVl  00  g. 


6.  CONSUMABLES  FOR  WELDING  LOW-ALLOY  HIGH-STRENGTH 

STEELS 

Low-alloy  high-strength  steels  are  used  in  heavy,  transport  and  chemical 
engineering,  ship  building  and  other  industries. 

structJLl<S,tlh°  of 

the  ArctSipTldtol"”  of  “'Wtog  consumables  devised  for 

high-strcngth  Z-steel  of  grade  12KhN2MCuF  is  widely  applied  in 
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Microstructure  of  the  steel  in  the  initial  condition  is  a  temper  sorbite. 

,  We  conducted  comparison  of  weld  metals  obtained  by  welding  using  various 

low-sihca  fused  fluxes  and  an  experimental  flux  combined  with  the  low-alloy  welding 
Avircs.  ® 

preparation  were  welded  on  commercial  steel 
conditions  were  as  follows;  I  weld  =  550  ... 
600  A,  U  arc  -  30  ...  34  V,  V  weld  -  25 ...  30  m/h,  the  mean  heat  input  was  24  kJ/cm. 

Composition  of  metal  of  welds  on  steel  12KhN2MCuF  made  using  different 
welding  consumables  is  given  in  Table  3,  and  mechanical  properties  of  weld  metal  in  the 
as-welded  condition  are  given  in  Table  4.  mciai  m  me 
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Analysis  of  the  results  indicates  that  the  strength  properties  of  weld  metal  are  on 
the  level  of  the  requirements  imposed  on  parent  metal. 

Impact  energy  of  weld  metal  obtained  using  low-alloy  welding  wires  and  fused 
fluxes  of  all  the  grades  is  low  (Table  4).  Threshold  of  cold  shortness  is  about  -20°C.  In 
this  case  the  percentage  of  a  fibre  component  in  fracture  of  the  Charpy  specimens  is  not 
higher  than  20  ...  25  %  (Fig.  36). 

Weld  metal  obtained  using  low-alloy  welding  wires  combined  with  fused  fluxes  is 
heavily  contaminated  with  non-metallic  inclusions,  this  promoting  an  increase  in 
brittleness  at  negative  temperatures. 

Along  with  the  fused  fluxes,  we  also  tested  an  experimental  agglomerated  flux  of 
the  fluorite-basic  type.  Metal  of  the  welds  made  using  the  agglomerated  flux  was  less 
contaminated  with  non-metallic  inclusions  and  had  a  structure  of  the  finely  dispersed 
acicular  ferrite.  This  provided  >  60  %  of  the  fibre  component  in  fracture  of  the  Charpy 
specimens  that  failed  at  -60°C  (Fig.  36). 

The  diffusible  hydrogen  content  of  weld  metal  (determined  by  the  alcohol  test 
method)  was  not  higher  than  1  cmVlOOg  in  case  of  welding  using  the  experimental 
agglomerated  flux  of  the  fluorite-basic  type,  whereas  when  using  the  fused  fluxes  the 
mean  content  of  the  diffusible  hydrogen  was  1.5 ...  2.0  cmVlOO  g. 

Under  conditions  of  multipass  welding  the  experimental  flux  combined  with  the 
said  wires  provides  good  weld  formation,  easily  detachable  slag  crust  and  steady  arc 
burning. 

Table  5  gives  data  on  resistance  of  weld  to  cold  cracking.  Several  agglomerated 
fluxes  of  Ukrainian  and  foreign  grades,  combined  with  wire  Union  S3NCrMo2.5UP 
were  tested.  Parent  metal  was  low-alloy  high-strength  steel  12KhN2MCuF  40  mm  thick, 
alloyed  with  chromium,  nickel,  molybdenum,  copper  and  vanadium. 

Flux  48-ANK-54  provides  the  low  content  of  diffusible  hydrogen  [HJdiff.  and 
the  crack-free  bead-on-plate  samples  in  welding  without  preheating  (Table 


Coated  Electrodes 


Electrodes  48KhN-4AN  (type  360  acc.  to  GOST  9467-75)  and  48KhN-5AN 
(type  370)  were  developed  for  welding  cold-resistant  low-alloy  high-strength  steels. 
Typical  chemical  compositions  and  mechanical  properties  of  weld  metal  are  given  in 
Tables  7  and  8. 

As  can  be  seen  from  the  data  given,  electrodes  48KhN-4AN  and  48KhN-5AN 
provide  impact  toughness  (Charpy)  equal  to  not  less  than  50  J/cm^  and  the  sufficiently 
high  level  of  strength  and  ductility  at  temperature  minus  OO^C.  The  new  electrodes  are 
somewhat  inferior  to  the  austenitic  electrode  EA-981/15  in  cold  resistance  and  are 
superior  to  it  in  strength. 

The  new  electrodes  ensure  the  low  diffusible  hydrogen  content  of  the  deposited 
metal  (not  more  than  5  cmVlOO  g  as  determined  by  the  chromatographic  method). 

The  electrodes  are.  characterized  by  small  spattering  of  electrode  metal,  provide 
good  formation  of  weld  metal  in  all  spatial  positions  and  easily  detachable  slag  crust. 
The  deposition  efficiency  for  electrodes  4  mm  in  diameter  is  22  ...  27  g/min  and  that  for 
electrodes  5  mm  in  diameter  -  34  ...  39  g/min.  The  electrodes  are  intended  for  welding  in 
all  spatial  positions,  except  for  the  vertical  downward  position. 


the  sro^eS^I,  charec, eristics  of  the  electrodes  indicated  that 
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using  the  new  electrodes  the  WFPlv^h  ®  ^^^todes  (Table  7).  Besides,  during  welding 
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Lines  of  the  Future  Research 
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.  effect  of  microalloying  with  rare^rth  elements,  Ti,  B,  V  and  other  elements; 

’  f5!f  “  welded  joints  caused  by  welding  heat  and  heat’ 

treatment;  mathematical  modelling  of  such  structures;  ® 

•  aPfact  of  traps  (pores,  non-metallic  inclusions,  hydrides); 

finding  ways  for  further  decreasing  the  hydrogen  content  of  welded  joints; 

•  development  of  new  welding  consumables. 
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Thank  you  for  your  attention. 
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The  problems  considered  in  the  report  are  as  follows: 


1 .  Hydrogen  mass  transfer  in  steels  and  welded  j  oints : 

•  analytical  equipment; 

•  effect  of  element  composition  of  weld  metal  and  electrode 
coatings; 

•  effect  of  traps; 

•  effect  of  deformation  of  weld  metal. 

2.  Mechanism  of  hydrogen  embrittlement. 

3.  Effect  of  hydrogen  on  mechanical  properties  of  steels  and 
welds: 

•  evaluation  procedure  and  equipment; 

•  experimental  results; 

•  lines  of  future  research. 

4.  Hydrogen  and  delayed  fracture  of  welded  joints. 

5.  Technology  and  metallurgy  methods  for  decreasing  the 
content  of  diffusible  hydrogen: 

•  sources  of  hydrogen; 

•  sampling  and  analysis; 

•  effect  of  current  and  welding  speed; 

•  distribution  of  hydrogen  in  welded  joints; 

•  thermodynamic  studies  of  interaction  of  oxy-fluoride 
melts  with  water  vapours; 

•  effect  of  fluorides  and  oxides; 

•  effect  of  composition  of  coating,  flux  and  flux-cored  wire; 

•  hydrides. 

6.  Consumables  for  welding  low-alloy  high-strength  steels: 

•  electrodes; 

•  agglomerated  fluxes. 


Hydrogen  mass  transfer  in  steels  and  welds 
Types  of  Hydrogen  transfer 

1.  Diffusion  in  the  field  of  concentration  gradient. 

2.  Diffusion  in  the  stress  field. 

3.  Thermal  diffusion. 

4.  Surface  diffusion. 

5.  Diffusion  along  the  microstructure  defects. 

6.  Transfer  by  dislocations. 


•  Computerised  analytical  system 

for  measuring  the  hy^ogen  effusion 
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Temperature  dependence  of  diffusion  coefficients  of 
hydrogen  in  deposited  metal  from  basic  and  rutile  coated 
electrodes  and  temperature  dependence  of  the  rate 
constant  of  hydrogen  evolution  from  traps  (rutOe-(traps)) 


Hydrogen  diffusion 
coefficient  Dpj  -10^  [cm Vs] 


Temperature  [°C] 


Types  of  electrodes; 
®  basic 
A  rutile 
■  rutile  (traps) 


Influence  of  traps  on  the  behaviour  of 
effusion  curves  at  low  hydrogen  content  in  specimen 
for  analysis  temperature  60  and  100°C 
(rutile  type  coated  electrodes) 


Rate  of  hydrogen  effusion  W  [10'^  cm7(100g  •  s)] 


dC  I  d  (  ^  dC  d  dC^ 

dt  r  dr  \  dr  dy  dy  V 

•C(0, /•,>;)  =  Cq  and  C(t,r,0)  =  C(r,r,L)  =  Cit,R,y)  =  0 

where:  C  is  hydrogen  concentration;  D  is  diffusion  coefficient;  t  is  time 
r  and  y  are  cylindrical  coordinates;  is  an  initial  concentration  of 

hydrogen  in  specimen  of  radius  R  and  length  L. 


Experimental  cell  for  investigation  of  hydrogen 
behaviour  during  deformation  of  steels 


Applied  stress 


rr 
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To  the  hydrogen 
analyzer 


Hydrogen  mass-transfer  in  steel 
during  its  deformation 


Effused  hydrogen  [cmVlOOg] 


Hydrogen  permeation  through  the  mild  steel 
under  sress  and  deformation 


Fig.  7b. 
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Time  [mi 


Investigation  of  the  state  of  hydrogen  using 
Secondary-Ion  Mass-Spectrometry  method  (SIMS) 
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Fig.  8. 
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Time  dependence  of  secondary  emission  ions 
and  H  from  hydrogenated  steel  specimen 
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Hydrogen  effusion  from  the  specimen  using  SIMS  experiment 
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1 .  The  dependence  of  hydrogen  negative  ions  intensity  on  time  correlates  with 
the  same  dependence  of  diffusional  hydrogen  content. 

2.  The  electron  affinity  of  H-atom  (0.75  eV)  is  smaller  sufficiently  than  the  work 
function  of  iron  (9=4.5  eV). 

Therefore  the  intensive  emission  of  H'  secondary  ions  is  possible  only  if 
absobed  hydrogen  atoms  have  negative  charges  on  the  metal  surface. 

This  conclusion  is  very  important. 
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Hydrogen  embrittlement  model 


Critical  stage  of  hydrogen  induced  fracture  is  the  loss  of  equilibrium  state  of 
intragrain  embrio  sub-microcrack  at  the  moment  of  its  occrurrence  in  the  local 
stress  field  of  the  dislocation  cluster  during  plastic  deformation. 

Also,  the  formation  of  such  cracks  is  probable  inside  the  second  phase  or  in 
brittle  inclusions. 

Some  schemes  of  the  cracks  formation 


cluster  of  crossing  of  cutting  of  the  cutting  of  the 

dislocation  the  shifted  cementite  globular 

stopped  by  planes  planes  inclusion 

obstacle 


Energy  of  "Dislocation  cluster  -  Sub-microcrack" 


4-7r-(l-u) 


-]n~+iN-nf 

a 


©  Energy  of 
super-dislocation 


4-jt<(l-u)  b-]iiN-n)  ^  ^  2-E 

Q)  Energy  of  dislocation  ©  Energy  @  Energy  of 

retained  in  the  cluster  of  a  new  sub-microcrack 

surface  in  the  field  of 


Plot  of  energy  W  against 
the  crack  lenght  a 


external  stress  o, 


1 .  Hydrogen  reduces  the  energy  of  new 
surface. 

2.  The  embrio  microcrack  overcomes  the 
potential  barrier  at  lesser  external  stress  a,. 

3.  After  that  the  motion  of  the  crack  is 
accelerated  by  external  stress. 

4.  Reduction  of  the  a,  value  means 
the  increase  of  brittleness. 


m 


Hypothesis  of  hydrogen  embrittlement 
Scheme  of  defects  scale  classification 


!■  I  10’  mm 
dislocation 


H" "  I  10‘*...  10'^  mm 
super-dislocation 
(embrio  submicrocrack) 


3. 
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-H  lO  Sn: 
critical  sub-microc 


micro-crack 


5. 


I - 1  10  mm 

macro-crack 


I  I  1  ...  10  mm 
cracks  in  structures 


Main  attention  is  to  be  given  to  embrio 
sub-microcrack  (position  2) 


The  presence  of  negative  ions 
of  hydrogen  on  the  surface  of 
the  crack  makes  its  growing  to 
macrosize  according  to  Griffith's 
mechanism  during  initial  stage. 


Fig.  10b. 
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Mechanism  of  the  effect  of  hydrogen  on  the  steel 
fracture  process  (model  conditions) 


(1)  Concentration  of  hydrogen  is  5  ...  10  cmVlOO  g. 

(2)  Irreversible  traps  (pores,  cracks,  interfaces)  are  absent. 

(3)  Hydrogen  fills  in  the  irreversible  traps  -  dislocations. 

Hydrogen,  during  the  plastic  deformation  of  metal,  is 
t^ransported  by  the  moving  dislocations  to  a  point  of  initiation  of  a 
fracture  crack. 

Initiation  of  a  submicrocrack  is  described  by  the  Ziner-Stro 
model  (submicrocracks  are  formed  at  the  apex  of  a  dislocation 
cluster  and  the  dislocation  cluster  is  stopped  by  a  grain 
boundary).  ^ 

Behaviour  of  the  submicrocrack  in  the  field  of  external 
stresses  is  determined  by  the  energy  of  the  ‘dislocation  cluster  - 
submicrocrack’  system. 

The  submicrocrack  can  be  collapsed,  remain  in  the  state  of 
elastic  equilibrium  or  indefinitely  grow.  Hydrogen  which  is 
evolved  from  the  dislocations  is  chemisorbed  at  the  surface  of  the 
initiated  cracks  to  decrease  its  surface  energy. 

The  level  of  normal  stresses  required  for  transformation  of 
t  e  submicrocrack  into  a  state  of  autocatalytic  propagation  is 
decreased. 

A  decrease  in  the  fracture  stress  under  the  effect  of  hydrogen 
shows  up  on  a  microlevel  as  its  embrittlement  effect. 

Some  elements  of  the  model  studied  experimentally  proved 
validity  of  the  suggested  mechanism  (Fig.  12). 


Experimental  and  theoretical  proof  of  the  model 
of  the  effect  of  hydrogen  on  the  fracture  process 

1.  While  dissolving  in  metal,  hydrogen  is  condensed  at  the 
dislocations 

2.  The  effect  of  hydrogen  is  local  PI. 

3.  Hydrogen  is  transported  to  a  point  of  initiation  of  a 
submicrocrack  by  the  dislocations  PI. 

4.  Hydrogen  which  is  evolved  from  the  dislocations  is 
chemisorbed  at  the  surface  of  an  embryo  crack  causing  a 
change  in  its  energy  state  W- 

5.  The  submicrocrack  which  has  overcome  a  potential  barrier  is 
autocatalytically  propagated  under  the  effect  of  hydrogen  into 
the  field  of  stresses  to  form  a  macrocrack 
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The  dependence  of  hydrogen  embrittlement  degree 
of  the  steel  on  concentration  of  diffusible  hydrogen 


[  H  Jdiff.  [cmVlOOg] 


T  —  relative  reduction  of  area 
(no  diffusible  hydrogen) 

'Fh*  relative  reduction  of  area 
(the  hydrogenated  steel) 


Chemical  composition  of  the  steel  [%] 
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Heat  treatment: 

heating  to  860  C,  aging  for  40  min  and  then  cooling  in  air. 


Criterion  of  brittle  strength  of 
BBC-steels  without  hydrogen 
as  proposed  by  Physics  of  Metal 


Rmc  (resistance  to  microcleavage)  is  a  minimal 
stress  of  brittle  fracture. 

Schematic  diagram  to  determine  the  Rmc  value  experimentally 


/T 


Rmc  =  4  • 


lyE_ 

G.-Jb  "] 

yn-d 

La  -TC  •(l-u)  A:pj 

In  case  of  metal  deformation: 


Rmce  =  Rmc  •  (1  +  ^  +  <22  •  ) 

where  <2,  =  2.01;  <22  =  -1.14. 


Experimental  procedure  of  hydrogen 
embrittlement  (HE)  degree  measuring 

1 .  It  uses  standard  cylindrical  specimens  for  mechanical  testing. 

2.  After  hydrogenation  the  specimens  are  subjected  to  uniaxial  tension  (the  specimen 
without  hydrogen  as  well)  in  the  temperature  range  from  embient  to  cryogenic 
temperature. 

3.  The  main  mechanical  characteristics  are  measured:  ultimate  tensile  strength  (ob) 
yield  point  (Go  j),  reduction  of  area  (TO,  actual  fracture  stress  (S^). 

4.  Their  temperature  dependences  are  plotted. 


without  hydrogenation 


after  hydrogenation 
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5.  Using  this  experimental  data,  the  Rmc,  criterion  is  determined.  The  Rmc,  is  the 
microcleavage  resistance  of  metal  been  deformed  to  the  V  degree. 

6.  The  Bridgemen's  formula  is  used  to  calculate  Rmc;. 

r. _ c  l  +  ln(l  +  V2) 


Rmc,  =  - •  "  \  , 

(l  +  2/Ti)-ln(l  +  Ti/2) 


where  r|  =  0.92*  (e- 0.1);  e  =  ln 


l-'P 


7.  The  ratio  Rmc^^IRmc,  is  a  measure  of  hydrogen  embrittlement  degree. 

It  is  determined  at  the  idential  deformation  degree  of  orgin  and  hydrogenated 
specimens.To  do  this,  the  experimental  plot  S^'=-f(e)  \s  used. 


The  experimental  plot  St^-f(e) 
SA 


Final  results: 

Temperature  dependence  of  HE  degree 
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Fig.  15b. 
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Typical  plots  of  hydrogen  influence  on 
brittleness  of  the  mild  steels 
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Typical  plots  of  hydrogen  influence  and  heat 
treatment  on  brittleness  of  low  carbon 
high  strength  steels 

before  heat  treatment  after  heat  treatment 
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no  diffusible  hydrogen  no  diffusible  hydrogen 

o|  ^  ^  I  I  ^ 

[MPa]  - [MPa] 


80  1600 


60  1200 


40  800 


20  400 


0  I  .  I  I  I  .  I  I  I  I I I ^0  ol — I — ^ ^ — 1 — ^ ^ ^ ^ ^ ^ ^ — ^^0 

73  113  153  193  233  273  313  73  113  153  193  233  273  313 


Temperature  [K] 
[H]diff  =  3.0  cmVlOOg 


Temperature  [K] 
[H]diff.=  3.0  cmVlOOg  ^ 


[MPa] 


v|/  p/oj  a 

[MPa] 
80  1600 


60  1200 


40  800 


20  400 


0  I  '  '  I  I  I _ ! _ j — I — 1—1 — 1 — I  0 

73  113  153  193  233  273  313 

Temperature  [K] 


is  actual  fracture  stress 


0  I  ^^1  I  I  I  I I I  I  ]T..J  0 

73  113  153  193  233  273  313 

Temperature  [K] 

0YP  is  yied  point 

a,.Tc  is  ultimate  tensile  strength 


Conclusions  and  perspectives 

1 .  The  new  hypothesis  of  hydrogen  embrittlement  (HE)  of  BBC- 
metals  proposed. 

2.  The  new  criterion  of  hydrogen  influence  is  grounded. 

3.  The  experimental  procedure  of  the  hydrogen  influence  is 
proposed. 

4.  Physical  nature  of  hydrogen  induced  cold  cracks  (HICC)  in 
the  welded  joints  of  structural  steels  is  explained 


The  next  steps  should  be: 

1 .  Quantitative  measuring  of  each  HE  influence  factor,  namely: 
metal  microstructure,  temperature,  stress  level,  deformation 
rate,  hydrogen  concentration  and  its  distribution  and  so  on. 

2.  Qualitative  description  of  HICC  on  the  base  of  new  concept. 

3.  Creation  of  the  mathematical  models  of  HE  and  HICC. 

4.  Investigation  of  HICC  in  the  welded  joints  of  high  strength 
steels. 


Influence  of  diffusible  hydrogen  contnent  on 
relative  crack-resistance  (acR^ao  j)  of  the  welds 


[H]diff.  [cmVlOOg] 


SMAW  (Xg,!  =  15  min) 

(basic  type  coated  electrodes): 

1  -  UONI- 13/55,  Go.:  =  500  MPa 

2  -  ANP-6P,  Go.,  =  650  MPa 

3  -  ANP-2,  Go,  =  650  MPa 

4  -  ANP-7,  Go,  =  820  MPa 

5-48N-13,  Go,  =  850  MPa 


GMAW  (xg,,  =  19  min):: 

6  -  [Mn-Si-Mo-Ti]  wire  +  {COj}  gas 

7  -  [Cr-Ni-Mn-Si-Mo-V-Ti-Al]  wire  + 

+  {Ar+COj}  gas 

8  -  [Cr-Ni-Mn-Si-Mo-V-Ti-Al]  wire  +  {CO^}  gas 

9  -  [Cr-Ni-Mn-Mo-Al]  wire  +  {COj}  gas 

10  -  [Cr-Ni-Mn-Mo-Al]  wire  +  {Ar+COj}  gas 

1 1  -  [Cr-Mn-Si-Ni-Mo-Cu-Al]  wire  +  {CO,}  gas 


The  length  of  cracks  at  different 
pre-heat  temperatures 


SMAW: 

E9015G  type  coated  electrode 
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The  numbers  on  the  plo^  represents  content  of  diffusional  hydrogen  in  cmVlOOg 
Base  metal  type:  14Kh2GMR  steel 

(element  content:  0.15%  C;  1 .2%  Mn;  0.3%  Si;  1 .45%  Cr;  0.5%  Mo;  0.004%  B) 
Specimens  of  Lehigh  University  type,  150  x  200  x  20  mm  in  size. 


[  H  Jdiff.  <  2.0  cmVlOOg  for  E9015G  electrodes 
[H  Jdiff.  ^  3.5  cmVlOOg  for  E7015  electrodes 


The  plot  of  critical  tensile  stresses  (ctcr)  vs 

duration  (i )  of  loading  of  the  welded  joint 
and  diffusible  hydrogen  content  in  weld 


CTcr  [MPa] 


1 


5  10  15  24 

T  [hour] 


Base  metal  type:  14Kh2GMR  steel 

(element  content:  0. 15%  C;  1 .2%  Mn;  0.3%  Si;  1 .45%  Cr;  0.5%  Mo;  0.004%  B) 


1- [H]diff.  =  6.5cmVl00g 

2- [H]diff.  =  1.8  cmVlOOg 


Calculated  plot  of  limiting  values  of  hydrogen 
content  in  weld  metal  vs  time  of  cooling  (Tg,,) 
at  the  different  strength  level  of  the  metal 
for  (Gcr/g  J  =  0.5 

[Hjdiff.cr.  [cmVlOOg] 
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1  -  UONI-13/55  coated  electrodes,  =  500  MPa 

2  -  AN P-2  coated  electrodes,  =  650  MPa 

3  -  ANP.7  coated  electrodes,  =  820  MPa 

4  -  48N-13  coated  electrodes,  =  850  MPa 


Methods  of  metal  sampling  for  the  analysis  of  diffusible  hydrogen  content. 

Manual  Metal  Arc  Welding. 
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Fig.  24. 


Influence  of  welding  conditions  on  diffusible  hydrogen 

in  deposited  and  fused  metal 

Coated  electrodes  of  E7015  type,  DCRP 


Fig.  25 
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15  20  140  160  180  200220  240 

welding  speed  [m/hour]  welding  current  [A] 


Kinetics  of  carbon  di-oxide  gas  evolution  during 
thermal  dissociation  of  some  carbonates  and  their  mixture 

used  in  the  cores  of  FCW 


Percentage  of 
evoluted  COj  mass  [%] 


Percentage  of 
evoluted  COj  mass  [%] 


400  600  800  1000 

Temperature  [°C] 

Percentage  of 
evoluted  COj  mass  [%] 


Temperature  [°C] 

Percentage  of 
evoluted  COj  mass  f/o] 
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400  600  800  1000 

Temperature  [°C] 


Series  of  the  curves  represent  heating  rates  5,  10,  15,  20  and  25  °C/min  correspondency 


Hydrogen  evolution  rate  from  raw  materials 
at  continuous  heating 

QCHj),  mmVmin 
14 

12 

10 

8 
6 

4 
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(heating  rate  being  12  ...  14  °C/min) 


Temperature,  °C 


Hydrogen  content  in  liquid  metal  depending  on  mass  share  of  CaF2 
in  the  different  slag  systems  (calculated  data) 


Influence  of  O2  and  SiF^  in  gas  phase  on 
hydrogen  content  in  liquid  metal  (calculated  data) 


Thermo-gravimetric  analysis  of  dissociation 
of  fluorides  and  silicon-flourides 


Diffusible  hydrogen  content  in  weld  metal  made  with 
flux-cored  wired  with  different  fluorides  in  the  core 


[  H  ]  [cmVlOOg] 
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Plot  of  diffusible  hydrogen  content  in  deposited 
metal  vs  amount  of  fluorides  in  the  wire  core 
(content  of  fluorine  being  constant) 


[Hldiff.  [cmVlOOg] 


O  -  MgFj 
•  -CaF^ 
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□  -NaJiFj 
T  -  K.SiF, 

V  -  K:TiF, 


Fig.  31. 
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Influence  of  CaFj  and  SiOj  content  in  the  coating  on 
calculated  values  of  partial  pressure  of  tetra-fluorine-silicon 
in  arc  atmosphere  and  experimental  values  of 
hydrogen  content  in  deposited  metal 
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Fig.  32. 
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Influence  of  iron  oxides  in  electrode  coating  and 
in  flux  on  oxygen  and  diffusible  hydrogen 
content  in  deposited  metal 


[  H  ]  [cmVlOOg] 
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Solid  wire 

(SW-08KhN2GMYu)  + 

+  AN-17M  flux 

Wire  Flux 

composition:  composition: 


0.08%  C; 
1.2%  Mn; 
0.35%  Si; 
0.9%  Cr; 
2.2%  Ni; 
0.5%  Mo; 
0.1%  A1 


SiOj  18-22%; 
AlA  21-25%; 
MnO  <3.0%; 
CaO  14-18%; 
MgO  9-12%; 
CaFj  21-25%; 
FeO  3-5% 


FePj+FeO  [%] 


I  -  too  many  cold  cracks; 

II  -  optimal  properties  of  the  welded  joint; 

III  -  too  low  impact  toughness. 


Influence  of  marble  and  iron  oxides  in  agglomerated  flux 
on  diffusiblel  hydrogen  content  in  weld  metal 

[HJdiff.  [cmVlOOg]  [K]di{r.  [cmVlOOg] 
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Influence  of  rare-earth  metal  content  in  electrode 
coating  on  diffusible  and  residual  hydrogen  content 


[  H  ]  [cmVlOOg] 


Total  rare-earth  metal  content 
in  the  coating  of  electrodes  [%] 


Alloying  system  of  weld  metal: 

Mn-Ni-Mo  (1  ...  1.5%  Mn;  1.5  ...  2.5%  Ni;  0.3  ...  0.5  %  Mo) 
cyo.2=  700...800  MPa. 


Impact  energy  of  weld  metal  (KV)  and  percentage 
of  fibrous  component  (A)  in  the  fracture  of 
Charpy  specimens  at  different  test  temperatures 
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f-  Sv-03KhGN3MD  solid  wire  +  FIMS-20P  fused  flux 

?  ■  FIMS-20P  fused  flux 

3  -  SV-04N3GMTA  solid  wire  +  FIMS-20P  fused  flux 

i '  experimental  agglomerated  flux 

0  -  iiV-U4i\30MTA  solid  wire  +  experimental  agglomerated  flux 


Fig.  36. 
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Table  2 


Hydrogen  content  in  the  flux 


Temperature  of  the  flux 

melt  at  outlet  pC] 

Hydrogen  content  in  the  flux  [cmVlOOg] 

at  outlet  of  furnace 

after  pelletizing  and 
cooling 

1520 

74 

46 

1600 

40 

55 

1640 

20 

26 

1650 

32 

75 

1700 

23 

95 

1700 

68 

33 

Flux  ANF-6:  70  %  C  +  30  %  AI2O3 


Chemical  composition  of  the  weld  metal 
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Mechanical  properties  of  the  weld  metal 


204 


Table  5 


Weld  metal  resistance  to  cold  crack  formation  (G-BOP 
test)  when  welding  with  the  Union  S3NiCrMo2.5UP  wire 


Flux 

Area  of  cracks  f%] 

Preheat 

temperature  [°C] 

min 

max 

middle 

OP121TT 

0 

3 

1 

60 

UV421TT 

3 

8 

5 

60 

48ANK-54 

0 

0 

20 

ANK-57 

0 

4 

2 

60 

Chemical  composition  [wt.%]  of  welding  wire  Union  S3NiCrMo2.5UP 


C 

Si 

Mn 

Cr 

Ni 

Mo 

S 

p 

0.134 

0.108 

1.60 

0.31 

1.71 

0.59 

0.011 

0.012 

Welding  conditions: 

Wire  4  mm  in  diameter,  Welding  current  is  450  A,  Arc  voltage  is  27  V, 
Welding  travel  speed  is  23  m/hour 


Table  6 


Content  of  diffusible  hydrogen  [cmVlOOg] 


Flux 

[H]diff. 
in  molten  metal 

[  H  ]difF. 

in  deposited  metal 

OP121TT 

2.2 

4.7 

UV421TT 

2.1 

4.6 

48ANK-54 

1.2 

2.6 

ANK-57 

2.0 

4.2 

Table  7 


Chemical  composition  of  weld  metal 


Electrode 

grade 

Element  content  [wt.%] 

C 

Mn 

Si 

Ni 

Mo 

Cr 

S 

P 

48KhN-4AN 

0.05 

0.99 

0.23 

2.17 

<0.03 

0.10 

0.009 

0.012 

48KhN-5AN 

0.05 

0.92 

0.18 

2.57 

0.23 

0.10 

0.009 

0.012 

EA-981/15 

- 

2.45 

0.30 

22.0 

5.5 

16.5 

0.015 

0.016 

Table  8 

Mechanical  properties  of  weld  metal 


Electrode 

grade 

CT0.2 

MPa 

OB 

MPa 

5 

% 

¥ 

% 

KCV  [J/cm^]  at  the  test 
temperature  pC] 

+20 

-20 

1 

O 

-60 

48KhN-4AN 

610 

670 

24 

74 

265 

215 

141 

86 

48KhN-5AN 

712 

762 

22 

71 

212 

148 

102 

76 

EA-981/15 

520 

698 

34 

56 

131 

123 

118 

108 

Table  9 

Gross  evolution  of  welding  fume  particulate  matter 

(WFPM) 


Electrode 

grade 

Electrode 

diameter 

[mm] 

Welding  conditions 

Gross  evolution  of 
WFPM 

Welding 
current  [A] 

Arc 

voltage  [V] 

g/min 

g/kg 

48KhN-4AN 

4 

150...160 

22.. .24 

0.28...0.30 

7.2...7.8 

48KhN-5AN 

4 

150...160 

22...24 

0.29...0.31 

7.1...7.6 

EA-981/15 

4 

140...  150 

22...24 

0.58...0.68 

11.8...16.3 

Table  10 

Chemical  composition  of  WFPM 


Electrode 

grade 

Element  content  [wt.%] 

Mn 

Ni 

F 

Cr«^ 

Cr3+ 

48KhN-4AN 

3.7 

0.2 

19.0 

<0.02 

<0.02 

48KhN-5AN 

3.8 

0.2 

18.4 

<0.02 

<0.02 

EA-981/15 

5.8 

2.1 

13.8 

2.0 

1.7 

Hydrogen  distribution  in  the  welded  joint 


Steel  (0.14%  C;  2%  Cr;  Mn;  Mo;  B) 

Fused  flux  AN-17M  (18  ...  20%  SiOj,  up  to  30%  MnO,  14 ...  18%  CaO,  9 ...  12%  MgO, 
21 ...  25%  CaFj,  3  ...  5%  FeO),  moisture  content  being  0.2 ...  0.4% 

Welding  wire  (0.08%  C;  Cr;  Ni;  Mn;  Mo;  Al) 


Welding  condition:  welding  current  =  420 ...  450  A,  arc  voltage  =  32 ...  34  V 
welding  travel  speed  21.5  m/hour 
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Abstract 

Mechanisms  of  environmentally  assisted  cracking  are  critically  reviewed  with  an  emphasis  on  environmentally 
induced  cleavage-like  cracking  in  systems  where  hydrides  are  not  formed  at  crack  tips.  An  adsorption-induced 
localised-slip  model,  first  proposed  by  the  present  author,  is  reviewed  in  particular.  Misconceptions  and 
misunderstandings  which  have  arisen  regarding  this  model,  modifications  to  the  original  model,  and  how  it  fits 
into  the  spectrum  of  environmental  cracking  mechanisms  are  discussed. 

Introduction 

The  atomistic  and  rate-controlling  processes  for  environmentally  assisted  cracking  have  proved  difficult  to 
establish  because  crack-tip  processes  on  the  atomic  scale  cannot  be  observed  directly  in  bulk  material.  The 
mechanisms  of  cracking  therefore  have  to  be  deduced  from  metallographic  and  fractographic  observations,  and 
from  the  effects  of  metallurgical,  environmental,  and  testing  variables  on  the  kinetics  and  characteristics  of 
cracking.  There  is  general  recognition  that  environmentally  assisted  cracking  can  involve  different  mechanisms 
not  only  for  different  material-environment  couples  but  also  for  the  same  couple  under  different  conditions  (e.g. 
high  and  low  stress-intensity  factors).  Numerous  mechanisms  have  been  proposed  for  environmentally  assisted 
cracking,  with  some  being  widely  accepted,  others  remaining  controversial,  and  many  being  generally  discounted 
because  they  are  not  supported  by  experimental  observations  or  theoretical  modelling. 

There  have  been  many  reviews  of  mechanisms  of  environmentally  assisted  cracking  in  the  last  six  years  each 
inevitably  reflecting  the  views  and  biases  of  the  authors.  Many  of  these  reviews  have  commented  on  the 
“Adsorption-Induced  Localised-Slip”  model  first  proposed  by  the  present  author  almost  20  years  ago’  and  last 
reviewed  about  8  years  ago.**®  In  the  present  paper,  responses  to  these  comments  and  clarification  of  some 
misunderstandings/misconceptions  concerning  the  model  are  presented.  Modifications  to  the  model  which  might 
be  applicable  for  some  systems  are  considered,  and  how  the  model  fits  into  the  spectrum  of  environmentally 
assisted  cracking  mechanisms  is  discussed. 

Adsorption-Induced  Localised-Slip  Model 

It  has  been  proposed  *’®  that  the  model  is  applicable  to  cleavage-like  and  intergranular  cracking  produced  by 
liquid-metal  embrittlement  (LME),  hydrogen  embrittlement  (HE)  and  stress-corrosion  cracking  (SCC)  in  Al,  Ni, 
Fe,  Mg  and  Ti  alloys  under  some  (but  not  all)  circumstances.  Unlike  some  previous  adsorption-based  models, 
and  contrary  to  comments  in  some  reviews,  it  has  not  been  suggested  that  it  is  universally  applicable  to  all 
systems.  The  essential  features  of  the  adsorption-induced  localised-slip  model  are  illustrated  in  figure  I .  In 
inert  environments,  it  is  proposed  that  crack  growth  occurs  predominantly  by  egress  of  dislocations  at  crack 
tips.  Only  a  small  proportion  of  dislocations  emanating  from  near-crack-tip  sources  exactly  intersect  crack  tips 
to  produce  crack  advance  —  most  produce  only  blunting  or  contribute  to  the  strain  ahead  of  cracks.  Crack- 
opening  displacements  are  therefore  accommodated  mainly  by  blunting  with  large  strains  ahead  of  cracks  which 


result  in  large  voids  so  that  large,  deep  dimples  are  produced  on  fracture  surfaces.  In  embrittling  environments, 
it  is  proposed  that  adsorption  of  metal  or  hydrogen  atoms  (for  example)  weakens  interatomic  bonds  and  thereby 
facilitates  the  injection  of  dislocations  from  crack  tips  which  produce  crack  growth  by  an  alternate-slip  process. 
Crack-opening  displacements  are  therefore  accommodated  mostly  by  crack  growth  and  only  a  small  amount  of 
blunting  occurs  at  crack  tips.  There  is,  however,  sufficient  dislocation  activity  (plastic  strain)  ahead  of  cracks 
that  small  voids  are  formed.  Voids  may  be  nucleated  around  particles,  at  slip-band  intersections,  or  at 
dislocation-cell  boundaries.  The  nucleation  and  growth  of  voids  contribute  to  crack  growth,  and  are  necessary  to 
maintam  a  small  crack-tip  opening  angle  for  cracks  growing  by  alternate-slip  under  monotonic  loading.  For 
cyclic  loading,  reverse  slip  behind  the  crack  tip  during  unloading  re-sharpens  the  crack  and,  hence,  formation  of 
voids  ahead  of  cracks  is  not  essential  (although  probably  occurs  at  medium-to-high  AK). 

Evidence  for  the  adsorption-induced  localised-slip  model  for  LME,  HE,  and  SCC  in  Al,  Ni,  Fe,  Mg,  and  Ti 
alloys  has  been  reviewed  previously  and  therefore  only  the  main  points  are  outlined  here.  Firstly,  an  altemate- 
slip/microvoid-coalescence  process  is  consistent  with  observations  of  (i)  cleavage-like  cracks  (on  a  macroscopic 
scale)  on  low-index  crystallographic  planes  bisecting  the  angle  between  active  slip  planes  with  crack  fronts 
parallel  to  the  line  of  intersection  of  crack  planes  and  slip  planes,  e.g.  {100}  <1 10>  cracks  with  extensive  slip 
on  {111}  planes  intersecting  cracks  for  fee  metals,  (ii)  high  strains/dislocation  densities  just  beneath  fracture 
surfaces,  and  (iii)  microscopically  dimpled  firacture  surfaces  (Fig.  2).  Secondly,  an  adsorption-based  model  for 
HE/SCC  is  consistent  with  (i)  SCC  and  HE  in  Al,  Ni,  Mg,  and  Ti  alloys  {under  particular  experimental 
conditions)  occurring  at  such  high  crack  velocities  (0.5-10  mms**)  that  interactions  other  than  adsorption  are 
unlikely  to  occur  (and  the  characteristics  of  fractures  are  essentially  similar  at  high  and  low  crack  velocities) 
(Fig.  2  a,b),  (ii)  abrupt  changes  in  environmental  conditions  producing  abrupt  changes  in  fracture-surface 
appearance  and  crack-growth  kinetics,  (iii)  atomistic  simulations  using  the  embedded-atom  method  showing  that 
hydrogen  adsorption  can  facilitate  dislocation  injection  from  crack  tips'^,  and  (iv)  remarkable  similarities  in  the 
detailed  q^peaiance  and  crystallography  of  fi:acture  surfrices  produced  by  HE/SCC  and  those  produced  by 
adsorption-induced  LME. 

The  similarities  between  HE  and  LME  were  particularly  striking  for  nickel  single  crystals  in  which  the  fracture- 
surface  appearance  and  crystallography  produced  by  cracking  in  liquid  mercury  and  hydrogen  gas  were 
indistinguishable.  Moreover,  the  detailed  appearance  and  crystallography  depended  on  the  orientation  of  crystals 
and  testing  mode  (monotonic  versus  cyclic  loading)  but  were  always  the  same  in  both  environments  (Fig.  3). 
While  relatively  featureless  fractures  (especally  along  intergranular  paths)  produced  in  different  environments 
could  occur  by  a  variety  of  mechanisms,  the  same  richly  detailed  fracture-surface  appearance  and  the  same 
specific  crystallography,  as  observed  for  HE  and  LME  in  the  nickel  single  crystals,  are  unlikely  to  be  produced 
by  different  mechanisms  in  the  author’s  opinion. 

Objections  to  previous  adsorption  mechanisms,  e.g.  those  based  on  surface-energy  reductions**,  are  not 
applicable  to  the  present  model.*’’  Concerns  which  have  been  raised  regarding  the  adsorption-induced  localised- 
slip  model  include  (i)  adsorption,  being  a  surface  effect,  should  not  influence  the  nucleation  and  growth  of  voids 
ahead  of  cracks,  and  (ii)  dimples  on  fracture  surfaces  are  not  always  observed.  Even  though  adsorption  is  a 
surface  effect,  it  can  indirectly  affect  the  strain  ahead  of  cracks  because  it  facilitates  crack  advance  at  the  crack  tip. 
Crack-opening  displacements  are  accommodated  by  a  combination  of  crack  growth  and  crack  blunting/strain 
ahead  of  cracks  and,  hence,  any  process  which  facilitates  crack  growth  will  reduce  the  amount  of  blunting  and  the 
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strains  ahead  of  cracks  which  determine  the  extent  of  void  nucleation  and  growth.  In  most  cases  where  dimples 
are  not  observed,  the  dimples  are  probably  too  small  or  shallow  to  be  detected.  Most  fiactographic  observations 
are  made  by  scanning-electron  microscopy  (SEM)  which  is  not  particularly  good  at  resolving  small,  shallow 
surfece  undulations.  In  some  cases,  dimples  may  not,  in  fact,  be  present  and  fracture  may  well  occur  by  a 
decohesion  process  as  originally  envisaged  for  LME*^  or  by  sequences  of  decohesion  plus  alternate  slip’^. 

Scanning  tunnelling  microscopy  (STM)  and  atomic-force  microscopy  (AFM)  have  recently  been  used  to  study 
cleavage-like  fracture  sur&ces  and  these  techniques  resolve  smaller  steps,  striations,  and  possibly  dimples  not 
resolved  by  SEM.^^'*^  The  oldest,  and  now  rarely  used,  technique  for  examining  fracture  surfaces  at  high 
magnifications,  viz.  transmission-electron  microscopy  (TEM)  of  fracture-surface  replicas,  shadowed  at  low 
angles  and  examined  at  high  tilt  angles  at  low  kV,  is  superior  not  only  to  SEM  but  probably  also  to  STM  and 
AFM  for  imaging  fine  details  (  0.01  -  O.l^m)  on  fracture  surfaces.  Even  using  TEM,  some  dimples  are  only 
just  resolved  on  fracture  surfaces.  In  summary,  SEM  observations  of  apparently  featureless  fracture  surfeces  do 
not  rule  out  a  localised-slip/microvoid-coalescence  process. 

Modifications  to  the  Adsorption-Induced  Localised-Slip  Model 

Modifications  to  the  adsorption-induced  localised-slip  model  illustrated  in  figure  1  are  needed  to  account  for 
experimental  observations  in  some  circumstances.  Ideally,  an  altemate-slip  process  occurs  because,  if  more  slip 
were  to  occur  on  one  side,  there  would  be  a  higher  back-stress  on  this  side  favouring  subsequent  slip  on  the 
other  side.  However,  if  slip  planes  are  not  symmetrically  inclined  to  the  stress  axis  so  that  there  are  higher 
stresses  on  slip  planes  on  one  side  of  the  crack  than  the  other,  then  slip  may  occur  preferentially  on  that  side. 
Even  if  stresses  on  these  slip  planes  were  equal,  slip  could  occur  preferentially  on  one  side  if  there  were  more 
obstacles  to  slip  on  one  side,  e.g.  plate-like  precipitates  parallel  to  one  set  of  {1 1 1}  planes.  Unequal  amounts  of 
slip  on  planes  either  side  of  the  crack  would  result  in  macroscopic  crack  planes  deviating  from  low-index  planes. 
Void  nucleation  and  growth  not  along  a  plane  bisecting  the  two  slip  planes  could  also  cause  cracks  to  deviate 
firom  low-index  crystallographic  planes.  Deviations  from  {100}  planes  of  up  to  20®  have  been  observed  for 
cleavage-like  cracks  produced  by  LME/SCC/HE  in  aluminium  alloys  and  nickel. 

For  some  materials,  e.g.  those  exhibiting  planar  slip  bands  due  to  precipitate  shearing,  voids  may  occur 
predominantly  along  the  most  highly  stressed  slip  band.  Dislocations  injected  from  crack  tips  (due  to  adsorption 
induced  weakening  of  bonds  at  crack  dps)  would  then  egress  at  voids  thereby  reducing  the  back  stress  on 
subsequent  injection.  Further  stram  localisation  would  then  occur  along  this  slip  band  (with  minor  slip  on  other 
systems)  leading  to  further  void  nucleation,  growth,  and  coalescence.  The  constraint  of  surrounding  material  may 
inhibit  further  slip  along  this  band  and  lead  to  slip  on  another  system  so  that  fracture  occurs  alternately  on  slip 
bands  on  either  side  of  the  crack  (Fig.4).  Fine  scale,  alternate  {111}  fecets  are  sometimes  observed  on 
macroscopic  {100}  and  {110}  cleavage-like  facets^^  but  it  is  not  clear  whether  the  facets  are  dimpled  on  an 
extremely  fine  scale.  However,  dimples  have  been  observed  on  environmentally  assisted  shear  fiactures  when 
they  occur  on  a  coarse  scale*^'**  and  crack  growth  occurs  by  microvoid-coalescence  along  alternate  shear  bands  on 
a  coarse  scale  for  overload  firacture  of  high-strength  steels.*’ 

In  many  polycrystallme  materials,  adsorption  will  occur  preferentially  at  grain  boundary-surface  intersections  due 
to  the  nature  of  the  grain-boundary  structure  itself  or  due  to  segregation,  and  voids  will  form  preferentially  at 
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grain  boundaries  due  to  larger,  more  numerous  particles  there  than  elsewhere.  Thus,  the  adsorption-induced 
localised-slip  process  could  account  for  some  cases  of  intergranular  environmentally  assisted  cracking. 

The  adsorption-induced  localised-slip  process  was  originally  envisaged  as  a  continuous  one,  but  it  appears  that 
adsorption-mduced  crack  growth  can  sometimes  be  discontinuous  as  is  evident  from  crack-arrest  markings 
(CAMs)  on  LME  fracture  surfaces  (Fig*5).  (Crack  growth  is  rapid  and  there  is  no  tendency  for  dissolution  or 
compound  formation  for  these  LME  couples  so  that  there  is  little  doubt  that  adsorption  is  responsible  for 
cracking.)  Further  work  is  necessary  to  understand  why  adsorption-induced  cracking  is  discontinuous,  but  some 
possible  explanations  are:  (i)  ligaments  of  unfractured  material  develop  behind  the  crack  front  and  thereby  cause  a 
decrease  in  the  effective  stress-intensity  frctor  at  the  main  crack  front  so  that  crack  arrest  occurs;  subsequent 
fracture  of  ligaments  results  in  an  increment  of  crack  growth  at  the  main  crack  front  until  ligaments  redevelop,^ 
(ii)  embrittling  species  at  crack  tips  become  exhausted  intermittently,  and  (iii)  Rayleigh  waves  emitted  from 
growing  cracks  could  be  reflected  from  the  edges  of  crack  surfaces  and  cause  a  crack-closure  effect  upon  arriving 
at  the  rurming  crack.^  (For  crack  growth  in  aqueous  environments,  crack  arrest  could  occur  due  to  film 
formation  at  crack  tips,  and  further  adsorption-induced  cracking  would  then  require  rupture  of  protective  films.) 

For  crack  growth  in  hydrogen-bearing  environments,  hydrogen  atoms  between  (or  diffusing  between)  the  first 
several  layers  of  atoms  at  surfeccs  may  be  just  as  effective  as  adsorbed  hydrogen  in  facilitating  dislocation 
injection.  Also,  hydrogen  may  not  only  adsorb  at  crack  tips,  but  could  diffuse  ahead  of  cracks  and  adsorb  at  tips 
of  voids  thereby  promoting  their  growth  by  dislocation  injection.  When  voids  in  the  plastic  zone  reach  a  critical 
size,  rapid  coalescence  could  occur,  with  the  crack  then  blunting  (producing  CAMs)  until  further  hydrogen 
diffusion  and  void  growth  triggered  another  burst  of  cracking.  Hydrogen  could  also  segregate  to  and  facilitate 
the  movement  of  dislocations  ahead  of  cracks,  as  suggested  by  in^situ  TEM  observations.^^  Dislocations 
nucleated  at  crack  tips  (assisted  by  adsorbed  hydrogen)  might  therefore  move  away  from  crack  tips  more  readily, 
thereby  fiicilitating  subsequent  injection.  Facilitating  localised  slip  ahead  of  cracks  could  also  promote  the 
nucleation  and  growth  of  voids.  Whether  an  effect  of  solute  hydrogen  on  dislocation  activity  ahead  of  cracks 
can,  by  itself,  promote  cleavage-like  cracking  in  bulk  specimen  is  discussed  in  a  subsequent  section. 

Adsorption-Induced  Localised-Slip  and  Environmental  &  Metallurgical  Variables 

The  adsorption-induced  localised-slip  process  could  account  for  the  effect  of  environmental  variables  such  as 
solution  composition,  temperature,  and  potential  on  the  degree  of  embrittlement  in  terms  of  the  variations  they 
produce  in  the  surface  coverage  of  the  adsorbed  hydrogen  at  crack  tips,  either  directly  or  through  the  kinetics  of 
film  formation.  Greater  surface  coverage’s  should  promote  dislocation  injection  because  longer  crack-tip 
dislocation  sources  requiring  lower  stresses  should  then  operate.  The  effects  of  metallurgical  variables  such  as 
strength  and  microstructure  can  be  explained  in  terms  of  their  effect  on  the  numbers  of  injected  dislocations 
compared  with  dislocations  producing  blunting  —  the  more  widespread  dislocation  activity  required  for  the 
latter  probably  being  inhibited  to  greater  extents  than  the  former  by  higher  strengths.  Changes  in  strength  will 
also  often  involve  changes  in  the  size  and  distribution  of  second-phase  particles  and,  hence,  the  ease  of  formation 
of  voids  ahead  of  cracks. 

Attempting  to  make  quantitative  predictions  of  crack-growth  rates  on  the  basis  of  the  adsorption-induced 
localised-slip  model  is  clearly  not  feasible  at  present  given  the  lack  of  quantitative  data  on  many  features  of  the 
process,  and  the  adsorption  step  in  particular.  Even  for  the  relatively  simple  case  of  liquid-metal  environments, 


the  rate-controlling  process  for  adsoiption-induced  crack  growth  is  not  well  established  —  possible  processes  are 
transport  of  embrittling  atoms  to  crack  tips,  the  adsorption  step  itself,  and  those  associated  with  slip.  It  is  also 
not  clear  why  some  adsorbates  are  more  embrittling  than  others  (and  some  not  embrittling  at  all).  For  example, 
nickel  is  severely  embrittled  by  lithium,  moderately  embrittled  by  sodium  (and  mercury),  and  not  embrittled  by 
potassium,  rubidium,  and  cesium.  Also,  oxygen  does  not  generally  produce  embrittlement  but,  in  fact,  inhibits 
hydrogen  embrittlement.  However,  it  is  known  that  the  effects  of  different  adsorbates  on  the  arrangement  and 
bonding  of  substrate  atoms  are  diverse.  Strong  interatomic  bonds  could  be  formed  between  oxygen  and  substrate 
atoms  thereby  inhibiting  dislocation  injection  whereas  more  weakly  adsorbing  species  could  reduce  interatomic 
ssubstrate  bond  strength  and  thereby  fecilitate  dislocation  injection.  Further  work,  e.g.  using  surface-science 
techniques  and  quantum-mechanical  methods,  is  needed  to  help  resolve  these  questions. 

Other  Mechanisms  of  Environmentally  Assisted  Cracking 

Other  mechanisms  that  are  strongly  supported  by  experimental  observations  include  those  based  on  formation 
and  fiacture  of  brittle  hydrides  at  crack  tips,  e.g.  for  HE  or  SCO  of  Nb,  V,  Zr,  and  those  based  on  anodic 
dissolution  at  crack  tips,  e.g.  in  systems  such  as  sensitised  stainless  steels  where  there  are  pre-existing  active 
paths  along  grain  boundaries.''^  For  most  dissolution  models,  slip  at  crack  tips  is  required  to  rupture  protective 
films  so  that  dissolution  can  occur  but  crack  advance  is  thought  to  occur  predominantly  by  dissolution. 
Directional  dissolution  along  narrow  anodic  zones  that  occupy  a  large  proportion  of  grain  boundaries  is  probably 
a  pre-requisite  for  these  models.  If  only  a  small  proportion  of  anodic  phases  is  present  at  grain  boundaries,  then 
adsorption  or  other  mechanisms  in  combination  with  dissolution  probably  operate. 

For  HE  of  materials  that  do  not  form  hydrides,  the  idea  that  solute  hydrogen  ahead  of  cracks  is  responsible  is 
widely  accepted  and  rarely  questioned  despite  the  evidence  that  adsorbed  hydrogen  could  often  be  the  cause.  It 
was  originally  proposed  that  solute  hydrogen  weakened  interatomic  bonds  and  thereby  promoted  decohesion.^*’^’ 
However,  it  is  difficult  to  reconcile  decohesion  models  with  the  detailed  ftactographic  observations  that  suggest 
that  fracture  occurs  by  localised  slip  processes  in  most  materials,  and  the  current,  most  widely  held  view  is  that 
solute  hydrogen  facilitates/localises  slip  ahead  of  cracks.  This  idea  was  originated  by  Beachem“  and  has  been 
widely  promulgated  by  Bimbaum  and  co-workers  on  the  basis  of  in-situ  TEM  studies.  These  studies  have 
shown  that  exposing  stressed  thin  foils  to  a  high  fugacity  hydrogen  environment  facilitates  dislocation  activity 
in  a  wide  variety  of  materials.  Hydrogen  atmospheres  around  dislocations  are  thought  to  respond  to  stress  fields 
such  that  the  impedence  of  dislocations  by  obstacles  (including  other  dislocations)  is  minimised.  (Surface 
effects  and  stresses  due  to  non-uniform  hydrogen  concentrations  might  also  contribute  to  the  observed  effects.) 
Exactly  how  facilitating/localising  slip  ahead  of  cracks  produces  cleavage-like  fiactures  has  not  been  explained. 
One  possibility  is  that  solute-hydrogen-induced  localised  slip  promotes  slip-band  fiacture  on  alternate  {111} 
planes  so  that  macroscopic  cleavage-like  fiactures  on  {100}  or  {110}  planes  are  produced.  It  is,  however, 
difficult  to  envisage  how  facilitating/localising  general  dislocation  activity  ahead  of  cracks  produces  {100} 
cleavage-like  cracks  with  crack  fronts  parallel  to  <110>  directions,  as  observed  in  some  systems. 

Other  observations  that  cast  doubt  on  mechanisms  of  cleavage-like  fracture  based  on  solute  hydrogen,  at  least  in 
AI  alloys  and  nickel,  are  those  showing  that  hydrogen-charged  Al-Zn-Mg  and  nickel  single  crystals  cracked  in 
dry  air  were  ductile,  except  for  isolated  cleavage-like  areas  around  large  dimples  in  nickel  cracked  at  slow  strain 
rates.*'*  These  cleavage-like  areas  can  be  explained  on  the  basis  that  hydrogen  diffuses  (or  is  transported  by 
dislocations)  to  voids  so  that,  when  sufficient  hydrogen  is  present  in  voids,  cleavage-like  cracking  occurs  due  to 
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adsorption-induced  localised-slip.  This  observation  also  suggests  that  solute  hydrogen  was  present  around  voids 
during  their  initial  stages  of  growth  but  did  not  produce  cleavage-like  cracking.  However,  it  could  still  be 
argued  that  solute  hydrogen  concentrations  ahead  of  cracks  in  hydrogen-charged  specimens  are  lower  than  in 
specimens  cracked  slowly  in  hydrogen-bearing  environments. 

Embrittlement  often  observed  in  other  systems  after  hydrogen  charging  could  also  be  explained  by 
diffusion/dislocation  transport  of  hydrogen  to,  and  adsorption  at,  internal  cracks  and  voids.  Alternatively, 
segregation  of  hydrogen  to  grain  boundaries  could  occur  such  that  hydrogen  is  always  present  at  advancing  crack 
tips — intergranular  fiacture  could  then  occur  by  adsorption-induced  localised-slip  or  by  decohesion. 

There  is  reasonable  consensus  that  transgranular  cleavage-like  cracking  in  aqueous  environments  does  not  occur 
predominantly  by  dissolution,  but  a  number  of  models  for  cleavage-like  cracking  involving  dissolution  or  film 
formation  acting  as  a  trigger  for  brittle  fiacture  have  been  proposed.  The  film-induced  cleavage  model  has  been 
proposed  by  Newman,  Sieradzki  and  co-workers”"”  to  explain  SCC  in  systems  such  as  a  -  brass  in  aTnmnni7i''nl 
solutions  where  corrosion  occurs  by  de-alloying.  The  model  involves  repeated  sequences  of  (i)  formation  of  thin 
(^Onm)  nanoporous  ,  de-alloyed  films  (ii)  rapid  film  fiacture  continuing  by  cleavage  into  the  underlying 
substrate  for  some  distance  (l-10|im)  and  (iii)  crack  arrest.  The  model  is  supported  by  observations  of  cleavage¬ 
like  fiactures  in  brass  foils,  pre-exposed  to  corrosive  environments  to  produce  de-alloyed  film.;  then  tested  at 
low  temperatures  (where  any  remaining  solution  would  be  fix32en)(Fig.6(a)).”  Recent  observations  of  extremely 
rapid  cleavage-like  fiactures  in  de-alloyed  Ag-Au  wires  also  support  the  concept  of  film-induced  cleavage.” 

There  are,  however,  many  unanswered  questions  concerning  the  film-induced  cleavage  model.  It  was  originally 
proposed  that  cracks  injected  firom  the  films  into  the  substrate  were  atomically  sharp  and  travelled  at  such  high 
velocities  that  dislocation  activity  producing  crack  blunting  was  precluded.  Detailed  observations  of  SCC 
fiacture  surfiices  of  a-brass’'“  (Fig.6(b))  suggest  that  cracking  involves  localised  slip  rather  than  atomically 
brittle  cleavage.  Exactly  how  film  fracture  could  promote  a  localised  slip  process  is  not  clear.  It  is  also  not  clear 
why  model  systems  designed  to  test  the  hypothesis  that  cleavage  fracture  can  continue  into  a  normally  ductile 
material  do  not  e,xhibit  the  predicted  behaviour.  For  example,  fiacture  of  eutectics  composed  of  ductile  and 
brittle  phases  show  that  cleavage  of  the  brittle  phase  does  not  continue  into  the  ductile  phase  even  when  cleavage 
planes  and  potential  cleavage  planes  in  the  two  phases  are  aligned.’  (Observations  that  cracking  in  a  rhodium 
plating  continued  for  a  short  distance  into  an  underlying  nickel  substrate”  could  possibly  be  explained  on  the 
basis  that  cracking  was  ductile  or  that  hydrogen  gas  was  present  in  pores  at  the  interface  between  the  nickel  and 
rhodium  so  that  hydrogen-assisted  cracking  occurred  in  the  nickel.)  Why  some  brittle  de-alloyed  films,  e.g. 
those  in  which  coarsening  of  pores  has  occurred,  do  not  result  in  cleavage  of  the  underlying  substrate  has  not 
been  adequately  explained.  It  should  also  be  noted  that  SCC  is  observed  under  conditions  where  de-alloyed 
layers  at  crack  tips  are  probably  only  several  atomic  layers  thick  and,  hence,  are  unlikely  to  inject  cleavage  cracks 
into  the  substrate.^’ 

Magnin  and  co-workers”  have  suggested  that  localised  dissolution  along  {111}  planes  at  crack  tips  (possibly  in 
conjunction  with  adsorption)  promotes  localised  slip  along  the  slip  planes.  It  is  envisaged  that  this  localised 
slip  is  blocked  by  obstacles,  e.g.  particles,  dislocation  arrangements  such  as  Lomer-Cottrell  (L-C)  locks,  so  that 
sufficiently  large  stresses  build  up  to  initiate  brittle  cracking  along  {100},  {110}  or  {111}  planes.  Crack  arrest 
occurs  when  the  stresses  have  been  relaxed,  and  then  the  sequence  is  repeated.  Flanagan  and  Lichter  and  co- 
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workers”  have  proposed  somewhat  similar  models  involving  dissolution  along  {111}  planes  at  crack  tips 
altering  the  stress  field  around  L-C  locks  ahead  of  cracks  so  that  cleavage  initiates  from  the  L-C  locks. 

Dissolution  is  more  likely,  in  the  present  author’s  opinion,  to  localise  slip  along  {111}  slip  bands  so  that  a 
localised  microvoid-coalescence  (MVC)  process  occurs,  as  illustrated  in  figure  4.  MVC  is  a  well  established 
process  that  is  known  to  occur  along  numerous  fiacture  paths  over  a  vast  range  of  scales  (although  there  is  some 
lack  of  appreciation  of  the  fact  that  MVC  can  occur  on  an  extremely  fine  scale).  The  dislocation  interactions 
involved  in  nucleation  and  growth  of  voids  along  slip  bands  are  likely  to  be  much  more  complex  thnn  the 
breakdown  of  idealised  dislocation  arrangements  such  as  L-C  locks.  Exactly  how  dissolution  could  facilitate 
slip  is  not  clear  but  dissolution  might  facilitate  dislocation  injection  fi’om  crack  tips  (as  proposed  for 
adsorption).  Recent  TEM  observations  of  brass  foils  before  and  after  corrosion  suggest  that  this  could  occur.” 
If  ‘simultaneous’  dissolution  and  dislocation  injection  occurred,  both  processes  would  contribute  to  crack-tip 
advance  and  the  injected  dislocations  (along  with  other  dislocation  activity)  would  contribute  to  the  nucleation 
and  growth  of  voids  along  slip  bands.  Dissolved  species  might  also  re-adsorb  and  fecilitate  dislocation  injection 
in  some  systems.  Certain  types  of  film  may  also  promote  dislocation  injection  from  crack  tips.” 

The  possibility  that  vacancies  generated  by  film  formation  or  dissolution  might  be  involved  in  SCC  for  some 
systems  has  been  raised  by  a  number  of  workers.^’"^*  Vacancies  (or  divacancies)  concentrated  ahead  of  cracks 
could  facilitate  slip  processes  such  as  dislocation  injection  (if  vacancies  are  very  close  to  crack  tips),  cross-slip 
and  climb,  and  could  also  &cilitate  nucleation  of  voids  due  to  vacancy  clustering^*,  with  these  processes 
&cilitating  crack  growth  by  a  localised  microvoid-coalescence  process.  Vacancy  models  are  unlikely  to  to  be 
solely  the  cause  of  SCC  in  the  author’s  opinion  but  could  make  a  significant  contribution  especially  (i)  in 
systems  where  hydrogen  effects  can  generally  be  discounted  and  where  embrittling  adsorbed  species  have  not 
been  identified,  and  (ii)  at  high  temperatures*®.  The  ‘surface-mobility’  model  proposed  by  Galvale*'  for  SCC  and 
LME  in  general  has  attracted  attention  in  recent  years,  but  does  not  merit  serious  consideration  since  (i)  it  does 
not  address  (or  appear  to  be  capable  of  explaining)  ftactographic  observations,  and  (ii)  some  of  the  fimdamental 
principles  involved  are  questionable.^ 

A  diagrammatic  summary  of  possible  corrosion-deformation  interactions  that  could  produce  environmentally 
assisted  cracking  is  shown  in  figure  7.  All  the  processes  are  capable  of  producing  strain  localisation  and 
increasing  the  proportion  of  dislocations  exactly  intersecting  crack  tips  to  produce  crack  advance  compared  with 
dislocations  producing  blunting  —  a  key  concept  in  the  author’s  opinion.  Controversies  regarding  the  relative 
importance  of  the  various  corrosion-defonnation  interactions  will  undoubtedly  continue  until  a  greater  array  of 
both  established  and  newly  developed  experimental  techniques  are  used,  and  more  theoretical  work  is  carried  out, 
on  selected  model  systems. 
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Fig.  1  Schematic  diagra^  illustrating  crack  growth  by  (a)  adsorption-induced  localised-slip  compared  with 
(b)  crack  growth  in  inert  environments. 
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Fig.  3  SEM  of  fracture  surface  of  nickel  single  aystals  cracked  in  (a)  liquid  mercuiy,  then  hydrogen  gas,  and 
then  argon  under  monotonic  loading  and  (b)  liquid  mercuiy  then  hydrogen  gas  under  cyclic  loading . 


Fig.  4  Schematic  diagram  illustrating  modified  adsorption-induced  localised  slip  process  occuring  along 
alternate  shear  planes. 
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(a)  SEM  of  cleavage-like  fiacture  sur&ce  of  a-brass  foil  pre-exposed  to  ammonical  solution  prior  to 
testing  in  aSr  (Specimen  courtesy  of  R.C.  Newman)  and  (b)  TEM  of  replica  of  fracture  surfece  of  a- 
brass  produced  by  SCC  in  ammoniacal  environment  (Specimen  courtesy  of  E.N.  Pugh). 
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Fig.  7  Diagramatic  summary  of  possible  processes  that  could  result  in  environmentally  assisted  cracking  by 
localised-slip/microvoid-coalescence.  ^ 
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Tte  production  of  metal  structures  with  hleh  quality  and 
re  i  iliuy  using  the  technology  of  electric  arc  welding  is 
oomplioated  by  the  crack  formation  in  welded  joints  [11. 

Clearing  up  of  their  formation  mechanism  was  found  a  most 
educated  problem  [3,41.  In  literature  even  the  opinion  was 
icpressed,  that  the  fundamental  uderstanding  of  the  cold 
cracking,  perhaps,  does  not  be  achieved  some  time  [21. 

hydrogen  hypothesis  was  suggested  to  explane 
welded  joint  cold  cracking  mechanism  [5,6,7.81.  According  to 
this  hypothesis,  the  hydrogen,  getting  in  weld  metal  during 
we  ing,  diffuses  to  near-weld  zone  and  accumulates  here  in 
microcavities  and  defects  of  atomic  lattice.  Converting  from 

atomic  form  into  molecular  one,  it  creates  a  considerable 
pressure,  which  fractures  metal. 

but  hypothesis  was  general  accepted  a  long  time, 

n,  ®  cleared  that  series  of  experimental  facts 

can  not  be  explained  in  its  limits  [91. 

The  cold  crack  hypothese  of  a  hardening  was  developed  as 

alternative  to  hydrogen  one  [10,11,12,131.  It  was  based  on  the 

numerous  investigations  of  hardening  phenomenons 

l^e  fo^H  ^  hypothese  the  cold  cracks 

are  rormed  in  consequence  a  forming  of  typical  martensitic  metal 

struct^e  and  complicated  stressed  state  caused  by  an  additting 

Of  welding  and  external  stresses.  The  hydrogen  action  was  not 

en  into  account  by  this  hypothesis  generally  or  the  secondary 
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role  was  atributed  to- it. 


Both  hypotheses  were 
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sometimes  they  are  discussed  separately  so  far  [9]. 

The  more  detailed  investigations  had  shown  that 
cracking  of  the  WAldpr!  ioinl"*::  ^  ^ 
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1.  The  steel  miorostruoture  influences  on  a  sensitiveness  to 
cracking.  For  example,  a  double  martensite  is  more  sensible  to 
embrittlement  as  compared  with  a  self- tempering  low-carbon 
nartensite. 


2.  The  cracking  formation  depends  on  a  hydrogen  content  in 
weld;  the  hydrogen  concentration  is  larger  the  cracking  is  more 
expressed. 

3.  The  normal  tenperature  is  most  favourable  for  cold 
cracking:  both  its  decreasing  and  increasing  the  cracking  is 
made  difficult. 

4.  The  cracking  depends  on  a  value  as  well  as  distribution 
of  internal  stresses  occuring  in  welded  joint  after  welding. 

5.  The  crackir^  is  intensified  essentially  at  present  of 
such  stress  concentrators  as  artifisial  notch,  excessive 
convexity  of  welded  bead,  elongated  inclusion  or  microcrack  in 
heat-affected  zone  of  welded  joints. 

6.  The  cold  cracking  is  became  stronger  by  strain  rate 
decreasing:  the  loading  rate  is  higher  the  cracking  is  less 
expressed. 

It  is  possible  to  concluding  simple  from  the  analysis  of 
this  cracking  peculiarities  ascertained  experimentally,  that  the 
welded  joints  cold  cracking  is  neither  other  than  the  general 
physical  effect  of  the  iron  and  its  alloyes  hydrogen  degradation 
in  specific  conditions  of  the  welding  cycle.  This  moment 
realizing  was  being  reflected  in  a  new^name  of  this  crack  type  - 
hydrogen  induced  cold  cracks  (HICC)  C153. 

Therefore  it  is  obvious  that  the  exact  knowledge  of 
structural  steel  hydrogen  embrittlement  (HE)  mechanism  is 
necessary  to  fundamental  uderstanding  of  the  welded  joints  cold 
cracking. 

Although  HE  is  being  studied  during  more  than  hundred  yeai^'s 
beginning  when  Reynolds  had  discovered  it,  the  problem  is  actual 
as  before  and  it  is  particular  sharp  in  the  last  decade  [161. 

Many  hypotheses  to  explain  a  HE  mechanism  are  proposed  in 
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literature  on  problem  of  hydrogen  and  steel  interaction.  In 
review  and  monography  series  they  were  analysed  in  detail,  for 
example  [16,17,19,20,21,22]. 

The  various  notions  about  HE  mechanism  and  even  the  fact  of 
existence  of  numerous  hypotheses,  proposed  to  explain  HE, 
testify  that  this  complicated  and  multimode  effect  has  not  found 
a  convincing  and  complete  description. 

Also  the  literary  data  show  that  the  significant 
difficulties  in  understanding  of  cracks  arising  and  propagation 
regularities  are  caused  both  a  necessity  to  define  the  main 
factors  of  hydrogen  action  and  an  absence  of  clear  ideas  about 
metal  fracture  micromechanisms  with  account  its  structural 
state. 

The  purpose  of  this  article  is  the  grounding  of  new  ideas 
about  the  physical  nature  of  structural  steel  welded  joints  cold 
cracking. 

GENERAL  METHODICAL  APPROACH 

It  is  obvious  that  the  adequate  description  of  metal 
fracture  process  is  necessary  in  absence  of  hydrogen  to 
understand  its  role  during  cold  cracking. 

As  it  is  known,  the  metal  strenght  and  fracture  problem  is  a 
study  subject  of  solid-  state  physics,  physics  of  metals  and 
fracture  mechanics. 

The  imperfection  of  theoretical  description  of  such 
complicated  systems,  which  are  metals,  makes  difficult  a 
decision  of  this  problem  by  solid-state  physics  methods.  For 
example,  the  physical  nature  of  surprising  effect,  which  is 
known  as  a  brittle-ductile  transition,  is  unclear  until  in 
limits  of  existing  ideas:  it  is  necessary  to  understand  why  the 
metal  fracture  is  absolutely  different,  although  external 
conditions  (temperature,  strain  rate)  are  changed 
insignificantly  [23].  Besides  that,  as  before  the  long  distance 
is  existing  between  a  good  developed  dislocation  theory, 
enabling  in  details  to  present  a  microcrack  origin  mechanism, 
and  a  description  of  their  further  behaviour  in  metal  real 
structure. 

On  first  steps  the  difficalties  arise  at  attempt  to 
investigate  HE  by  solid-state  physics  methods:  it  is  impossible 
to  solve  such,  one  would  think,  simple  problem  as  a  charge  state 
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of  hydrogen  atoms  in  iron  volume,  and  the  traditional  discussion 
is  not  copleted  so  far  between  suppoters  of  anion  hypothesis  and 
cation  one  [283. 

The  classical  fracture  mechanics,  graunded  by  Griffith, 
solves  succesfully  a  problem  of  materials  quasi -brittle 
fracture,  a  def ini ting  of  a  cracking  resistance  and  a 
calculating  of  metal  structure  strength  [163.  The  fracture 
mechanics  methods  and  cr iter ions  are  used  to  investigate  the  HE 
too  [293. 

However  the  fracture  mechanics,  which  is  based  on  postulates 
about  elastic  continuity  as  well  as  on  assumtion  about  ready 
crack  before  deformation,  does  not  answer  how  the  cracking 
resistance  level  is  reached  in  metal  and  what  its  microstructure 
influences  on  fracture  process  [303.  •  Therefore  it  is  on 
principle  impossible  to  investigate  the  highly  diverse 
mioromechanismes  of  cold  crack  origin,  using  the  fracture 
mechanics  approaches.  These  microcracks  can  be  studied  by 
fracture  mechanics  methods  only  after  their  evolution  to  macro 
dimensions. 

During  the  last  years  the  physics  of  metals,  unlike  the 
solid  state  physics  and  fracture  mechanics,  had  developed  and 
graunded  ejcperimentally  the  new  ideas  about  the  fracture  origin 
mechanism  in  iron  and  BBC-steels  with  taking  into  account  their 
real  structure  state  [31,32,333. 

In  these  idea  limits  it  is  proposed  that  a  critical  stage  of 
fracture  is  not  a  loss  of  micro-  or  macrocrack  steady  state, 
assumed  in  traditional  approaches,  but  the  transition  by 
Griffith'  mechanism  to  growth  of  intragrain  embrio  submioracks, 
which  arise  in  local  field  of  dislocation  clasters  during 
plastic  deformation.  However  the  macrofracture  is  caused  not  any 
submicrocrack  ,  as  it  is  assumed,  for  example,  in  Siner-Stroh' 
classical  model,  but  only  that  one,  which  losses  the  steady 
state  at  the  moment  of  its  origin  in  summary  field  of 
dislocation  claster  and  external  sresses.  Besides  the  intragrain 
cracks,  the  appearance  of  the  first  cracks  are  possible  inside 
the  second  phase  or  brittle  inclusions,  which  are  destructed 
before  the  power  dislocation  clasters  are  formed  in  metal 
matrix.  Such  approach,  unlike  early  existing  ones,  allows  to 
predict  quantitatively  a  som#25  important  characteristics  of 
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metals  on  the  basis  of  its  structure  parameters  definition  [323. 

It  was  found  this  ^proach  is  perspective  to  investigate  the 
physical  na£ure  of  HE,  because  it  allows  to  overcome  the  main 
difficulty  of  the  fracture  mechanism  ground.  As  it  is  knoifn 
[233,  this  difficulty  is  to  define  a  size  of  the  crack  causing 
fructure,  i.e.  such  one,  which  can  be  able  to  prop^ate 
unlimited  and  result  in  fracture. 

Therefore  at  the  HE  examining  the  attention  must  be 
concentrated  on  the  main  stage  of  the  fracture  mechanism:  on  a 
behaviour  of  the  embrio  submicrocrack  formed  during  deformation 
at  hydrogen  presence.  Taking  into  consideration  this  thesis, 
literature  data  and  results  of  the  experimental  investigations, 
performed  during  last  years  in  E.  0.  Paton  Welding  Institute  on 
the  structural  steels  and  welds  HE  problem,  the  new  hypothesis 
of  iron  and  its  BBC- alloys  HE  was  proposed  [34,35,363.  To  ground 
it  the  experiments  were  carried  out  and  their  results  are 
presented  below. 


EXPERIMENTAL  PART 
Materials,  methods  and  apparatus 


The  experiments  were  fulfilled  using  samples  of  higher 
strength  low-carbon  low  alloyed  steel.  It  composition,  presented 
in  Table  1,  was  controlled  by  spectral  analysis. 

Table  1. 

Chemical  composition  of  steel  [%  wt.  3 


c 

Si 

Mn 

Cr 

Ni 

Mo 

S 

P 

0,14 

0,25 

0,75 

1,0 

3,5 

0,14 

0,012 

0,025 

The  structure  changes,  which  is  possible  in  heat  affected 
zone  during  welding,  were  modelled  by  high  temperature  treatment. 

For  metalogr^hical  analysis  the  specimens  were  made  after 
meohanioal  polishing  and  then  e12Wiing  in  4%  aloogol  solution  of 
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nitric  acid  (nital).  The  microstructure  was  examined  with 
optical  microscopes  Polyvar-Kfet  m  Neofot-30.  Also  the  scanning 
electron  microscope  JSM-35CF  was  used  to  metalographic 
analysing. 

To  mechanical  testing  by  uniaxial  deformation  the  standard 
cylindrical  specimens  were  used.  They  were  charged  by  hydrogen 
electolytioally:  the  specimen  series  was  placed  in  5%  solution 
of  sulfuric  acid  with  an  addition  of  0,05%  sodium  tiosulphate 
and  it  was  standed  at  a  current  density  no  more  10  mA/cne.  The 
hydrogen  content  was  measured  using  the  chromatographic  analysis 

[37]  and  vacuum- fusion  method  realized  in  LEGO  instrument. 

The  mechanical  tests  were  performed  in  temperature  range 
77.  ..293  K  using  the  universal  test  machine  Instron-1251.  The 
special  created  programme  was  used  to  computerised  analysis  of 
test  results. 

The  secondary  ion  mass-spectrometry  method  (SIKfi),  allowing 
to  identify  all  elements  of  the  periodic  system  and  their 
chemical  combinations  as  well  as  to  analyse  a  surface  state 

[38] ,  was  used  in  experiments.  The  mass-spectrometer  mini-SIkG 
MO-7201M  (Electron,  Ukraine)  was  ^plied  to  study  secondary 
ions.  Some  experiments  were  fulfilled  in  super-high  vacuum  using 
the  combine  instrument  LAS- 2000  (Riber,  Rrance). 

Experimental  Results 


The  steel  microstruotures  in  origin  state  and  after  heat 
treatment  are  presented  in  Fig.l.  As  it  is  shown,  at  the 
beginning  it  is  a  beinite  with  13  -  30  mkm  packet  dimentions,  a 
perlytic  phase  is  shown  too.  The  second  phase  is  dispersed  and 
distributed  in  grains  almost  uniformely.  After  heat  treatment 
the  structure  is  ferrit  -  perl i tic,  but  the  grain  size  is  the 
same  as  in  origin  state.  The  perlytic  areas  is  dispersed  with 
cross  section  of  3  -  10  mkm  dimentions. 

The  hydrogen  effect  on  steel  plastic  properties  is  evaluated 
by  a  traditional  way:  a  relative  reduction  of  area  (W)  was 
measured  during  testing  by  uniaxial  tention  of  standard 
cylindrical  specimens. 

Using  a  relative  reduction  of  area  of  hydrogenated  specimens 
(Wh)  and  ones  without  hydrogen  (^,  the  dependence  of  Wh/W  ratio 
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on  CHDdif  content  in  hydrogenated  specimens  was  found. 

Such  dependence,  received  at  normal  temperature  for  a  steel 
after  heat  treatment,  is  presented  in  Fig.  2.  It  shows  the 
hydrogen  effect  on  a  steel  plasticity  is  marked  (  30%  reducing 
of  Wh/W  ratio)  already  at  hydrogen  content  about  0,3  cm3/100g 
and  then  it  is  increased  monotonly  with  increasing  of  [HIdif. 

The  behaviour  of  the  yield  strength,  which  is  another 
parameter  used  often  in  experimental  and  theoretical 
investigating,  was  different.  The  temperature  dependences  of  the 
yield  strength  were  measured  in  range  from  normal  to  cryogenic 
temperature  for  origin  steel  state  as  well  as  after  heat 
treatment  one  (Fig.  3).  The  hydrogen  concentration  was  the  same 
as  3  cm3/100g  in  both  cases,  but  its  effect  on  a  steel 
plasticity  was  mininval  in  the  first  state  and  catastrophycal 
embrittlement  was  shown  in  the  second  one. 

At  the  same  time  it  was  found  the  hydrogen  does  not  change 
the  yield  strength:  as  Fig.  3  shows  the  6y  temperature 
dependences  for  both  states  are  identical  nearly. 

The  temperature  dependences  of  relative  reduction  of  area  at 
different  deformation  rates  of  origin  and  hydrogenated  specimens 
are  presented  in  Fig.  4.  It  is  shown  the  hydrogen  effect  is 
maximum  at  a  minimum  deformation  rate,  and  it  disappeares  almost 
when  the  rate  is  increased  to  four  orders. 

The  intensive  emission  of  negative  secondary  ions  H-  ,  which 
was  presented  in  mass-spectrum  at  the  same  time  with  positive 
ions  H+,  was  discovered.  Fig.  5  shows  the  dependences  of 
secondary  ions  H+  and  H-  current  density  ( Jsecond. )  against  the 
Ar+  ions  current  density  of  the  primary  beam  (Jprim.),  which 
bombarded  iron  surface.  The  specimen  standing  in  a  vacuum 
chamber  of  apparatus  during  determined  tiire  effected  these 
dependences  differently.  As  Fig.  5  shows  the  H+  ions  curve  form 
was  not  changed  during  standing,  but  the  slope  of  straight  parts 
of  H-  ions  dependence  was  decreased  essentially  at  the  higher 
current  density  of  a  primary  beam.  It  was  found  this  change  was 
caused  by  decreasing  of  the  diffusible  hydrogen  concentration  in 
a  specimen  volume. 
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DISCUSSION  OF  RESULTS 
Brief  analysis  of  existing  HE  models 


Most  of  authors  believe  that  the  following  factors  cause  a 
hydrogen  embrittlement  [201;  peculiarities  of  hydrogen 
solubility  in  iron;  diffusion  anomlies;  interaction  of 
dissolved  hydrogen  with  lattice  defects;  its  chemical 
interaction  with  steel  components;  adsorbtion  phenomenons; 
pressure  of  hydrogen  and  other  gases  inside  micropores;  decrease 
of  interatomic  bonds  in  iron  lattice;  hydrogen  chemisorption  on 
inside  surfaces. 

Existing  HE  hypotheses,  using  abovementioned  factors,  may  be 
separated  [17,203  on  several  groups.  The  hypotheses,  explaining 
HE  by  high  pressure  of  molecular  hydrogen  inside  micropores, 
form  the  first  group.  The  effect  of  molecular  hydrogen  pressure 
increasing  is  observed  easily  by  simple  experiments  [213. 
Therefore  it  is  believed  sometimes,  that  the  pressure  hypothese 
has  a  direct  experimental  basis  [393.  However  the  results  are 
well-known,  which  are  impossible  to  explain  with  its  help.  For 
exairple,  HE  is  observed  when  the  conditions  are  absent  for  a 
hydrogen  pressure  increasing  in  cavities,  or  the  hydrogen 
concentration  is  very  low  for  pressure  increasing  to  critical 
level  [223. 

The  calculations,  executed  with  taking  into  account  a  form 
of  microcavities  in  weld  and  near- we Id  zone,  had  shown  also, 
that  the  hydrogen  pressure  influence  on  a  cold  cracking  is  smll 
[403. 

Like  that,  tlte  molecular  pressure  hypotheses  can  not 
describe  a  real  HE  mechanism.  Its  classic  variant  modernization 
by  taking  into  consideration  a  dislocation  hydrogen  transport 
into  crack  volume  does  not  save  a  situation  [393,  so  far  as  a 
possible  pressure  increasing  during  that  to  over-equilibrium 
level  intensifies  a  reverse  process  of  hydrogen  dissolving  in 
metal  lattice  [413.  Aforesaid  does  not  mean,  certainly,  that  the 
role  of  hydrogen  pressure  in  micropores  during  HE  must  be 
ignored  completely,  but  it  can  not  be  deciding,  especially 
during  crack  origining,  and  the  most  of  authors  agrees  to  that. 

Therefore  the  attempts  to  explain  the  cold  cracking 
mechanism  on  a  base  of  this  hypc^l^ese  are  turned  without  results 
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and  the  imd.eresti]int.iQn_j5f  i^le.y  Leaded  to  non- adequate 
desoript ion  of  the  process. 

The  second-  group  of  .hypothesises  is  based  on  the  assumption 
about  reducing  the  interatomic  relationships  in  the  metal  linder 
the  action  of  the  dissolved  hydrogen,  i.e.  on  the  supposition 
about  falling  so  name:  Gogesive  strength.  It  is  assumed  also, 
that  the  decogesion  .oocurs  only  in  particular  sprained  volumes 
of  oristalline.  latt ice, , where  Jiydrogen  content  can  in  several 
times  exceedes  its  -average  concentration.  The  accounts  have 
shown^  that  the  appreci^le  reduction  of  cogesive  forces  spears 
at  ratio  of  iron  atone  number  and  hydrogen  one  -^1  :  1  [17].  It 
follows  from  thermodynamical  analysis,  that  the  hydrogen  should 
be  moved  really  in  direction  of  deformed  volume,?  of  metal. 
However  experimental  data  which: could  prove  sinple  a  validity  of 
decogesive-  hypothesis  experiments  are  difficult 
as  far  as  it  is  necessary  to  ascertain  ttedecogesive  action  of 
hydrogen  in  metall- lattice  on  background  of  its  interaction  with 
various  defects  of  or istal  structW'®  as  well  as  on  background  of 
internal  stresses.  At  the  same  time  the  simple  appraisement  have 
shown ; that  at  total-  c^^  hydrogen  to  10  cms/  lOOg  of 
metal  ( it  is  typicalyjfpr  w^  processes)  and  at  its  uniform 
distributipn  in  metal -  lat^^^  is  unreal  because  of 
hydrogen  condensationypn  defects);  one  hydrogen  atom  has  on  some 
thousands  of  metal  atoms.  _  Such  ratio  is  the  most  essential 
object i on  ■ contrary  .  a  depoges i on  hypothesis  and  testifies  about 
its  unsoundness  [423. 

Nevertheless;  the  decogesive  hypothesis,  completed  by 
notions  about  7  tte^  diffusion  tp  local 
three-dLmentional  stres?6d  ^areas,  paused-  by  makroGracks -  or  other 
stress  concentrator,  is  used  frequently  to  explain  the  features 
of  HE  as  well  as  cold -cracking  in  welded  joints  [433. 

The  idea  about  surface,  energy  redusing  inside  crack  during  a 
hydrogen  adsorption  is ^^^  a^  of  third;-  group  hypotheses.  In 
Fetch’s-  classic,  work-  C 443  the  mechanical  characteristics, 
calculated-  on  Qr;iffith's  theory  ground  with  taking  into 
consideration  of-  tbis/ effect,  cprresponded  well  to  experimental 
data  and  it  cpnf  irmed-^- that  the  HE  explanation  as  a  result  of 
hydrogen  adsorption  is  correct.  Hovrever  such  ideas  have  not 
received  a  development-  because^^^f  shortcoming  of  the  Griffith’s 
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classic  theory,  which  supposes  the  ready  cracks  in  initial 
material  without  explanation  of  their  origin. 

The  fourth  group  includes  the  hypothesis,  in  which  the 
hydrogen  interaction  with  dislocations  is  considered  Cl?].  It  is 
assumed,  at  dissolved  hydrogen  presence  the  metal  properties  are 
determined  by  hydrogen  atoms  transportation  with  moving 
discations  during  plastic  deformation.  As  a  result  on  grain 
boundaries,  interfaces  and  at  other  obstacles,  where  the 
dislocations  are  accumulated,  the  hydrogen  concentration  becomes 
sufficient  for  sharp  acceleration  of  fracture  on  that  or  ot.her 
mechanisms. 

However  tite  attractive  idea  about  the  dislocation  transport 
of  hydrogen  di scribes  only  a  separate  stage  of  the  common  HE 
mechanism.  One  can  see  from 

here,  that  the  dislocation  hypothesis  describes  in  details  only 
the  preparatory  stage  of  HE,  but  it  does  not  explain  the 
fracture  stress  falling  mechanism  as  most  essential  moment:  all 
happening  after  a  hydrogen  delivering  to  crack  origin  location 
is  oonoidered  as  if  obvious  one.  Such  fragmentarity,  inherent ing 
to  other  HE  hypotheses  also,  is  main  its  defect. 

In  series  of  works  (see,  for  exanple,  C15])  this  hypothesis 
is  used  to  explane  the  cold  cracking  mechanism.  In  its  limits  it 
turns  out  well  to  describe  in  resonable  detail  and  consistently 
the  dislocation  transfering  of  hydrogen  to  origin  location  of 
crack,  which,  as  it  is  assumed,  should  arise  after  achievement 
of  a  hydrogen  critical  level  at  given  local  concentration  of 
stress.  It  remains,  however,  not  clear,  that  means  this 
condition.  By  other  words,  the  key  moment  of  cold  crack 
formation  is  not  disclosed. 

The  fifth  group  is  made  by  the  hypotheses,  which  use  the 
elements  as  existing,  as  new  ideas.  The  HE 
dislocation-decogesive  hypothesis,  proposed  by  V.  V.  Panasyuk 
C163,  belongs  to  their  number.  It  is  based  on  idea  that  at 
temperature  of  HE  showing,  according  to  accounts,  large  part  of 
hydrogen  in  metals  is  concentrated  at  dislocations  and  its 
atomic  concentration  can  reach  a  value  about  unit  in  zone  of 
dislocation  core. 

It  is  assumed  that  it  provides  the  possibility  of  local 
decogesive  effect,  which  is  di^iayed  in  reduction  of  interplane 
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adhesion.  At  availability  of  dislocation  delayed  claster,  it 
results  in  increasing  of  single-type  dislocations  mutual 
attraction,  caused  their  core  intraction.  As  a  result  the 
claster  equilibrium  is  breaked  and  it  is  shifted  to  head,  i.e. 
plastic  deformtion  elemental  act  is  realized.  Thus  the  main 
objection  against  the  decogesive  hypothesis  classic  variant, 
caused  by  small  average  macrovolume  concentration  of  hydrogen 
atoms,  is  removed  as  well  as  the  origin  mechanism  of  hydrogen 
induced  fracture  is  explained. 

However,  this  hypothesis,  in  difference  from  dislocation 
one,  assumes  the  secondary  role  of  mechanism  of  hydrogen 
transport  to  microoraok  origin  location,  so  far  as  it  is 
supposed  that  the  hydrogen  influences  on  ready  claster,  which 
was  formed  in  metal  during  microplastic  derormation  and  was  in 
steady  equilibrium  state  before  hydrogen  entering.  Also  the 
experimental  confirmation  of  hydrogen  decogesive  action  as  well 

as  the  supposed  hydrogen  activation  of  microplastic  deformation 
are  absent. 

The  last  supposition  excites  special  interest,  because  in 
this  case  the  elementary  act  of  a  plastic  deformation  is  used  to 
explain  a  contrary  effect  of  embrittlement.  So  far  as  the 
dislocation  motion  supports  not  only  a  micro-,  but  a 
macroplastic  deformation,  then  it  was  to  be  expected  the 
hydrogen  influence  shall  increase  macroplasticity  but  not 
embrittlement.  At  least,  the  hydrogenation  were  must  decrease 
the  yield  limit  determined  by  mechanical  tests,  but  the 
experimental  data  are  contradictory,  and  in  some  cases  the  yield 
limit  increasing  was  found  in  a  hydrogen  presence  [223. 

So  the  above  presented  brief  analysis  shows 
that  the  existing  numerous  hypotheses  of  HE  can  not  explain 
convincingly  a  role  of  hydrogen  in  cold  cracking  of  welded 
joints. 


New  physical  model  of  HE 


The  results  of  our  experiments,  performed  before,  the 
analysis  of  literature  data  on  the  structural  steels  and  welds 
HE  problem  had  allowed  to  propose  a  new  explanation  of  this 
phenomenon  C  34, 353 .  232 
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In  accordance  with  it  the  fracture  process  can  be  imagined 
next  way.  At  hydrogen  concentrations  and  in  absence  of  the 
irreversible  tr^s  (pores,  cracks,  interphase  boundaries  etc.) 
the  dissolved  hydrogen  is  concentrated  in  all  probability  in 
reversible  tr^s,  which  are  dislocations.  At  the  beginning  of 
plastic  deformation  the  hydrogen,  possessing  the  abnormally  high 
diffusion  coefficient  in  iron,  will  be  transported  easily  by 
moving  dislocations  to  place  of  submicroorack  nuoleation.  The 
well  developed  dislocation  theory  suggests  the  series  of  models 
of  the  dislocation  rebuildings,  which  are  able  to  result  in  the 
formation  of  the  atomic  size,  top  sharp  embrio  crack 
(submicrocrack).  The  experimental  data,  that  fracture  physics 
possesses  now,  do  not  allow  to  give  preferanoe  to  one  of  them 
[331.  Therefore  it  is  possible  to  image  the  submikrocrack 
initiation  by  the  classical  Siner  -  Stroh's  model.  According  to 
it  tlte  submicroorack  arises  in  a  top  of  the  dislocation  claster, 
which  is  stopped  by  a  grain  boundary  or  other  obstacle.  The 
further  submicroorack  evolution  in  the  external  tension  field  is 
defined  by  the  energy  of  a  "dislocation  claster  -  submicroorack" 
system:  it  can  be  closed,  be  remaining  in  elastic  equilibrium 
state  or  be  unlimited  propagating.  The  hydrogen,  released  from 
dislocations  at  the  moment  of  the  crack  formation  and  getting  in 
its  volume,  will  be  absorbed  first  of  all  on  the  formed  juvenile 
surfaces.  In  its  turn  this  will  change  the  correlation  of  items 
of  the  "dislocation  cluster  -  submicroorack"  system  energy  in 
such  way,  that  the  overcome  of  potential  barrier,  preventing 
crack  propagation,  will  be  facilitated.  In  this  case  even  a 
small  number  of  hydrogen  atom,  reguired  for  filling  of  the 
monoatomic  layer  on  the  formed  crack  surface,  will  be  sufficient 
for  the  loss  of  the  submicroorack  elastic  eqi librium  as  result 
of  surface  energy  decreasing.  Therefore  its  following  transition 
to  nonstability  overcritical  state  will  be  possible  at  the 
lesser  normal  external  tent  ion  level,  than  in  the  abserice  of 
hydrogen.  On  a  nacro  scale  the  decreasing  of  the  fracture  stress 
characterises  a  hydrogen  embrittlement. 

Above  mentioned  shows  that  the  proposed  model  allows  to 
describe  HE  beginning  with  the  hydrogen  dissolution  in  a  metal 
and  finishing  the  macrocrack  forming,  that  did  not  turn  out  well 
in  total  measure  before.  It  ur?ltes  the  rational  assumptions  of 
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dislocation,  adsorption,  dislocation-decogesive  hypotheses  of 

HE,  allowing  in  the  same  time  to  overcome  their  weak  theses  and 
shortcoming. 

To  ground  this  model  it  is  necessary  to  prove  that  the 
following  its  elements  are  correct: 

1)  the  hydrogen  is  condenced  in  dislocations  during 
dissolving  in  metal; 

2)  the  hydrogen  action  is  a  local  effect; 

3)  the  hydrogen  is  transfered  by  dislocations  to  a  locale  of 
the  crack  (submicrocrack)  origin; 

4)  the  hydrogen  released  from  dislocations  is  chemisorbed  on 
the  surfaces  of  origin  crack  and  that  changes  its  energy  state; 

5)  the  submicrocrack,  overcoming  a  potential  barrier  in 
consequence  of  hydrogen  action,  increases  autocatalytically  in 
a  stress  field  and  it  results  in  a  macrocrack. 

In  literature  on  HE  problem  the  doubts  about  a  possibility 
of  hydrogen  condensing  in  dislocations  are  absent.  The  results 
of  hydrogen  distribution  study  by  electron- microscopic 
autorad igraphy  method  are  a  direct  experimental  confirmation  of 
this  effect  [461. 

The  energy  of  a  hydrogen  interaction  with  the  different  type 
dislocatios  as  well  as  the  condenced  hydrogen  concentration  are 
determined  by  thermodynamic  calculating  [171. 

The  idea  about  the  local  action  of  hydrogen  is  confirmed  by 
the  results  presented  in  Fig.  2.  It  is  shown  the  hydrogen 
embrittlement  was  found  at  0,3  cm3/l00g  diffusible  hydrogen 
concentration,  i.e.  the  correlation  of  hydrogen  and  iron  atonB 
was  one  per  million,  and  this  average  atomic  concentration  is 
less  considerably  than  mentioned  one  in  work  [421. 

The  hydrogen  effect  on  the  steel  mechanical  properties  was 
observed  at  still  more  low  its  contents  in  a  hardened  SOXTCA 
steel  [471.  The  concentration  of  C HI dif  was  determined  by  a 
light  combinative  dispersion  active  spectroscopy  method  using  a 
high  sensitive  laser  device.  The  change  of  steel  properties  was 
found  in  CHldif  range  from  0,003  to  0,005  cm3/100g,  i.e.  still 
on  two  orders  more  low  one  than  in  our  experiments.  ^  The 
catastrophical  embrittlement  was  observed  at  0,02  cni3/100  g 
diffusible  hydrogen  concentration. 

These  experimental  data  sl^ 


simple  that  the  hydrogen 
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embrittling  action  can  not  ^pear  as  result  of  any  properties 
changing  of  metal  macro- volume,  and  it  can  be  a  local  effect 
only. 

Taking  into  account  this  conclusion,  the  hydrogen  influence 
degree  dependences  on  the  deformation  rate,  presented  in  Fig,  4, 
confirm  a  fact  that  the  hydrogen  transfer  to  its  action  locale 
is  a  very  important  stage  of  HE.  These  results  show  at  the  same 
time,  that  the  hydrogen  transfer  efficiency  is  depended  on  the 
parameters  of  a  deformation  process,  which  is  realized  by  a 
dislocation  mechanism  during  plastic  deformtion.  Therefore 
these  data  confirm  simple,  the  idea  is  correct  about  a  hydrogen 
transfer  by  dislocations  during  HE. 

The  efficiency  of  a  hydrogen  transfer  separately  by 
screwing,  edging  and  mixed  dislocations  in  iron  monocrystals  was 
studied  experimentally  in  work  [481.  It  was  found  too,  the 
hydrogen  flow  is  depended  on  a  deformation  rate:  it  is 
decreased  if  the  rate  is  increased. 

The  results  presented  in  Fig.  3  show  the  hydrogen  presence  in 
metal  does  not  effect  on  a  yield  strength  in  spite  of 
considerable  different  degrees  of  HE,  when  the  steel  has  an 
origin  state  and  after  heat  treatment  one.  It  means  the  hydrogen 
concentrated  in  dislocations  does  not  effect  on  their  moving. 

Such  noticeable  peculiarity  of  hydrogen  transfer  dislocation 
mechanism  is  conditioned  by  two  factors:  the  extreme  high 
diffusion  mobility  of  hydrogen  and  the  relatively  low  energy  of 
its  interaction  with  the  dislocations.  The  first  factor  action 
results  in  the  hydrogen  atmospheres  can  be  able  to  diffi^e 
easily  in  volume,  accompaning  slowly  moving  dislocations  without 
braking  them.  The  second  factor  allows  the  dislocations  are  able 
to  break  away  from  the  hydrogen  atmospheres,  if  the  deformation 
rate  is  increased. 

The  atomic-clean  surfaces  are  formed  when  the  submicrocrack 
arises.  The  hydrogen,  released  from  dislocations,  is  chemisorbed 
on  these  surfaces.  The  thermodynamical  estimations,  using  Bibbs' 
equation,  testify  about  very  strong  effect  of  surface  energy 
reduction  stipulated  by  adsorption.  This  effect  is  very  intense 
especially  at  low  hydrogen  concentration  on  a  surface  [443. 

The  intensive  emission  of  negative  secondary  ions  H-  , 
discovered  during  our  experimentSSis  with  hydrogeneted  specimens  of 
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Steel,  is  a  direct  experimental  confirmation  of  a  special,  as 
negative  ions,  state  of  hydrogen  on  surface. 

The  straight  part  of  the  H-  ions  dependece  jsec.  =  f(  Jprir.i. ) 
testifies  to  the  correlation  of  these  particles  current  with  the 
hydrogen  content  in  a  metal  volume,  and  the  time  dependence  of 
the  straight  part  slope  indicates  on  the  hydrogen  concentration 
changing  in  consequence  a  diffusion  and  a  following  desorption 
from  a  surface.  At  that  the  comparison  of  iron  surface  work 
function  and  hydrogen  atom  electron  affinity  as  well  as  the 
analysis  of  electron  exchanging  conditions  during  a  secondary 
emission  allow  to  conclude  simple,  that  the  hydrogen  creates  a 
negative  ion  layer  on  the  atomic-clean  surfaces  of 
submicrocrack.  As  result  the  surface  energy  is  changed,  and 
therefore  the  submicrocrack  behaviour  is  changed  in  field  of 
stresses  too. 

The  conditions  of  submicrocrack  origining  and  further  its 
autocatalytic  spreading  to  macroscopic  size  had  been  analysed  in 
detail  theoretically  and  grounded  experimentally  in  works 
[31,323. 

Aforesaid  new  ideas  about  the  hydrogen  embrittlement 
mechanism  allow  both  to  explain  qualitatively  all  known  features 
of  cold  cracking  in  welds,  and  to  create  the  basis  for  physical 
Simulation  in  order  to  determine  quantitatively  the  role  of  each 
factor  in  cold  cracking  and  to  describe  this  process  by 
mathematical  methods  later  on. 

This  work  was  made  possible  in  part  by  Grant  No  K68100  from 
the  Joint  Found  of  the  International  Science  Foundation  and  the 
Government  of  Ukraine. 
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The  steel  microstructure  in  origin  (a) 
and  after  heat  treatment  (b)  states 
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The  ,  dependence  of  hydrogen  embrittlement  degree 
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FIG.  3 

Th©  t©iip©ratiir©  d©pendenc©s  of  th©  st©©l  yi©ld  str©ngth  at 
minimum  (1)  and  maximum  (2)  degree  of  hydrogen 
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Fia4a 

The  relative  reduction  of  area  dependences 
on  the  temperature  for  the  specimens  without  hydrogen  • 

at  the  deformation  rates  2  mm/mi n  (1)  and  20000  mm/mi n  (2) 
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FIG.  4b 

The  relative  reduction  of  area  dependences 
on  the  teirperature  for  the  hydrogenated  specimens 
at  the  deformation  rates  2  mm/mi n  (1)  and  20000  mm/mi n  (2) 
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FIG.  5a 

The  dependences  of  the  H+  secondary  ions  current  density 
against  the  Ar+  ions  primary  beam  current  density 
for  the  hydrogenated  specimen  of  steel:  (1)  -  4  hours  and 
(2)  -  20  hours  after  the  hydrogen  charging 
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FIG.  5b 


The  dependences  of  the  H-  secondary  ions  current  density 
against  the  Ar+  ions  primary  beam  current  density 
for  the  hydrogenated  specimen  of  steel:  (1)  -  4  hours  and 
(2)  -  20  hours  after  the  hydrogen  charging 
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